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Abstract

Simulation of generalized fracture and fragmentation remains an ongoing challenge in com-
putational fracture mechanics. There are difficulties associated not only with the formulation
of physically-based models of material failure, but also with the numerical methods required to
treat geometries that change in time. The issue of fracture criteria is addressed in this work
through a cohesive view of material, meaning that a finite material strength and work to fracture
are included in the material description. In this study, we present both surface and bulk cohesive
formulations for modeling brittle fracture, detailing the derivation of the formulations, fitting
relations, and providing a critical assessment of their capabilities in numerical simulations of
fracture. Due to their inherent adaptivity and robustness under severe deformation, meshfree
methods are especially well-suited to modeling fracture behavior. We describe the application
of meshfree methods to both bulk and surface approaches to cohesive modeling. We present
numerical examples highlighting the capabilities and shortcomings of the methods in order to
identify which approaches are best-suited to modeling different types of fracture phenomena.

Keywords: finite element method, fracture mechanics, cohesive modeling, meshfree methods.
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1 INTRODUCTION

1 Introduction

Classical approaches to fracture mechanics are limited because they lack a physics-based descrip-
tion of the failure process. In this report, we refer to approaches based on linear elastic fracture
mechanics (LEFM) as “classical” although the point singularity model of the crack tip originally
proposed in 1920 by Griffith[37] precedes the earliest cohesive studies of fracture by only a few
years. Regardless of the age of the two approaches, LEFM is certainly classical in the sense that
it relies on material behavior that is linear to within distances from the crack tip at which the
characteristic tip singularity dominates the stress and strain fields. As such, all contributions to
the fracture energy are represented with single parameter, typically expressed as a critical stress
intensity factor or energy release rate. These failure criteria are phenomenological, and any de-
pendence of the failure criterion on effects like the near tip stress state or loading rate must also
be incorporated in a phenomenological way. Under many conditions, an energy release rate can
be difficult to calculate or can become poorly defined as the zone of material exhibiting inelastic
response grows. With classical approaches, behavior as fundamental as the crack propagation di-
rection must be selected, or imposed, based on ad hoc assumptions. Moreover, the fracture path
instabilities observed during dynamic propagation of cracks are among the phenomena that have
not yet been thoroughly explained, making formulation of a phenomenological crack tip model
impossible. Finally, classical approaches require pre-existing, crack-like flaws. The nucleation of
these flaws cannot be treated directly.

A cohesive view of material addresses these shortcomings by incorporating a cohesive strength
and finite work to fracture in the description of material behavior itself. Introducing the essential
physics of the fracture process has the promise of resulting in simulation methods in which fracture
occurs “criteria free”. Fracture develops as a natural part of the solution of initial/boundary
value problems, and the fracture path and speed are an outcome of the simulations, not predefined
simulation parameters. At the same time, cohesive approaches complicate the simulation of fracture
because a physics-based approach implies some physics-based understanding and characterization
of the fracture process zone. Depending on the material system, the fracture processes may be
numerous and complicated. The only character of cohesive zone behavior that seems common across
various failure modes is that these process zones are small, from near the angstrom length scale in
ideally brittle crystals to the micron scale in polymers. This inherently small scale of the fracture
processes implies considerable computational effort is required for even academic simulations of
fracture. For this work, we will consider only brittle fracture, which we define to mean that all
dissipation during the fracture process is associated directly with the creation of new free surfaces.
The bulk material does not exhibit any rate or history dependence. This definition does not restrict
our study to small strains. All of the approaches in this work are generalized to finite strains.

The goal of this work is to compare several cohesive approaches to modeling fracture that
have been proposed recently, cohesive surface formulations and a bulk cohesive formulation. For
each approach, we briefly outline the underlying theory. However, our focus is on the capabilities,
shortcomings, and applicability of each approach to modeling different aspects of fracture behavior.
This report also provides a guide for selecting the model parameters to represent specific materials.
A portion of this report focuses on numerical and implementation issues. In particular, we will focus
on the application of so-called “meshfree methods” to the simulation of fracture. In themselves,
these methods do not provide phenomenological or physical theories of fracture. Instead, the
methods prove useful because they have a number of advantages over traditional finite element



1.1 Background

methods in treating problems for which geometry of the simulation domain changes with time.

1.1 Background

Although the cohesive zone approach to modeling fracture has recently become a very active area
of research, the basic ideas behind the approach were established some time ago. As early as 1933,
Prandtl[72] employed a cohesive traction relation to predict the length of debonded zone between
two slender beams. Barenblatt[6] proposed a cohesive zone model that accounted for finite strength
in the interaction forces between atoms near a crack tip. Dugdale[24] used a similar cohesive model
to treat yielding in a plastic strip in front of a crack tip. Willis[93] considered a cohesive force
zone in front of a dynamically propagating crack. So-called “nodal release” methods for modeling
fracture by splitting nodes along the fracture path within a finite element setting also appeared
more than twenty years ago[44, 49, 82]. More recently, these methods have evolved into approaches
for which cohesive surfaces are introduced adaptively along element interfaces. Ortiz et al. have
used an adaptive approach for a variety of simulations of dynamic fracture and fragmentation in
both two[15, 16] and three[70, 81] dimensions. Use of a network cohesive surfaces for simulating
generalized fracture within a finite element setting was pioneered by Xu and Needleman[95, 96]. In
their oft-cited work, they formulate the integration of the contributions from a network of cohesive
surfaces to the statement of virtual work. They also present a mixed-mode traction-separation
relationship that has been widely used in the study of brittle fracture. In their work[95], they
demonstrate that the method is capable of qualitatively reproducing aspects of dynamic fracture,
such as crack tip instabilities and branching.

This work is not intended as a comparison of cohesive surface constitutive models. In fo-
cusing on the general capabilities of modeling fracture with cohesive surfaces, we consider only
rate-independent models. However, we do acknowledge that a growing body of literature is de-
voted to incorporating additional effects. The cohesive relation proposed by Xu and Needleman
does not account for rate effects in the fracture process. Although much research has focused on
modeling the rate effects in the bulk behavior of materials, fewer works have addressed rate effects
in cohesive crack growth. Knauss and Losi[48] proposed a rate-dependent cohesive surface relation
incorporating viscoelasticity and damage. In addition, Knauss[48] addressed crazing in thermo-
plastic polymers within the context of the model. Yoon and Allen[98] proposed a cohesive relation
in the form of a single hereditary integral for a linear viscoelastic material. The model relies on an
internal state variable which reflects the damage state of the cohesive zone. Other rate-dependent
models have been proposed by Rahul-Kumar et al. [73], Costanzo and Walton[22], and Lee and
Prakash[53].

In all the examples cited thus far, the cohesive view of material is captured by surface con-
stitutive relations that describe the evolution of tractions generated across the faces of a crack
as a function of the opening displacements. In contrast to these approaches, a virtual internal
bond (VIB) model[34] with randomized cohesive interactions between material particles has been
proposed as an integration of continuum models with cohesive surfaces and atomistic models with
interatomic bonding. This approach differs from an atomistic model in that a phenomenologi-
cal “cohesive force law” is assumed to act between “material particles” which are not necessarily
atoms. It also differs from a cohesive surface model in that, rather than imposing a cohesive law
along a prescribed set of discrete surfaces, a randomized network of cohesive bonds is statistically
incorporated into the constitutive response of the material via the Cauchy-Born rule, by equating
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the strain energy function on the continuum level to the potential energy stored in the cohesive
bonds due to an imposed deformation. The approach could be viewed as an attempt to provide
a more physical basis for the hyperelastic constitutive laws used in finite strain continuum me-
chanics. Although the model presently suffers from a lack of regularization for the localized modes
that appear, simulations using the model have produced new insights into the origin of crack tip
instabilities and branching[47].

1.2 Overview of cohesive approaches

Section 1 mentions cohesive surface approaches both in terms of adaptively inserted surfaces and
a network of surfaces active, or present, in the initial geometry. The surface approaches differ not
only in implementation, but also in the view each takes of the cohesive failure process. These
surface approaches, as well as the bulk cohesive approach represented by the VIB model, can be
compared by considering how each treats the progression of failure. We divide the failure process
into four stages, as illustrated in Figure 1.1. The location of material at the four stages is indicated

@D

————— @)

@ &

Figure 1.1: A four stage view of modeling failure with markers (1) through (4)
denoting the location of each stage around a moving crack tip.

with markers in the figure. In summary, the four stages represent:

1
2

Smooth field, or regular part, of the material response.
Initiation, or first appearance, of the localized deformation mode.

)
(2)
(3) Evolution of the failure mode from initiation to complete failure.
(4) Complete failure and the appearance of new free surfaces.

For each stage, a modeling approach must determine the constitutive relations governing the re-
sponse of the material as well as the conditions that mark the transition to the next stage. Stage 2
is actually a transition state, but is considered separately here because it represents a marked
change in the behavior of the material. The approaches to modeling fracture considered in this re-
port show different strengths within each stage and in transitions between stages. Stage 1 requires
accurate representation of regular deformations. Since most of the approaches have developed as
enhancements to solving smooth field problems, this stage usually does not present any difficulties.
Moreover, the incorporation of a finite material strength should in principle remove the burden of
resolving the singular fields associated with linear elastic fracture mechanics. However, difficulties
with this stage do arise with the cohesive surface network approach. The active network introduces

10



1.2 Overview of cohesive approaches

fictitious compliance that results in a pathological mesh dependence. Section 2.1.3 presents a more
detailed analysis of this problem. It is also worthwhile to remark that molecular dynamics fails
to be a practical method for the analysis of fracture behavior because of difficulties associated
with treating stage 1. Molecular dynamics does serve as a model technique for simulating compli-
cated material behavior. Once the parameters of the interatomic force laws have been determined,
stages 1 through 4 occur without any additional theoretical assumptions or implementation details.
Any number of deformation processes arise and evolve through the course of a simulation.

g O¢ T E—
c

(a) \ (b) 2

hyper- € A
DU — fracture
elasticity

Figure 1.2: Constitutive relations in cohesive modeling of failure represented by
(a) o(e) for stage 1 and (b) T(A) for stage 2.

Stage 2 is the transition from smooth to localized modes of deformation. This stage represents
a bifurcation point in the material behavior, a point after which an intrinsic material length scale
emerges. Section A.3 discusses how this point may be identified under multidimensional states of
deformation at finite strains for a hyperelastic material. In one dimension, the bifurcation occurs
at the point of a horizontal tangent on the “stress-strain” curve, identified with o, in Figure 1.2 (a).
Beyond the bifurcation point, the “softening” portion of the stress response is an instability that
localizes deformation to a length scale determine by the material. The dissipation associated with
fracture occurs within this localized zone. For the case of brittle fracture, the material outside of
the zone unloads reversibly. One approach to treating this localized mode is to assume that the zone
shrinks to a width of zero measure. At this limit, the constitutive response of the mode is described
by a traction-separation relation, shown as T'(A) in Figure 1.2 (b). This approximation is the basis
for cohesive surface approaches to predicting stage 3 behavior. Section 2.1.2 describes a number of
cohesive surface relations. The validity of this assumption depends on how this intrinsic material
scale compares with other relevant length scales, whether from the geometry or the application of
loading. The VIB model produces a stress response with continuously reducing stiffness leading
to a bifurcation representative of a randomized network of cohesive bonds, as depicted in one
dimension by Figure 1.2 (a). The authors are unaware of any other bulk constitutive models that
display the same behavior. Therefore, if the hyperelastic response for stage 1 is derived from strictly
polyconvex strain energy potentials, the transition point at stage 2 must be chosen by assumption.
We might assume that the localized failure mode appears at a critical hoop stress, traction, or strain
energy density. The choice of initiation criterion will determine the crack propagation direction
as well as the appearance of any branching phenomenon. The effect of stage 2 parameters for
adaptive insertion of cohesive surfaces is investigated in the calculations presented in Section 4.4.
An adaptive approach with an arbitrarily selected stage 2 initiation condition allows bulk and
surface constitutive models to be selected nearly independent of each other. The disadvantage of
this approach is that fracture behavior, which we intended to model “criteria free” by incorporating

11
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a cohesive view, becomes strongly dependent on our choice of the failure initiation condition. With
standard finite element methods, element boundaries are the natural location for the insertion of
cohesive surfaces. This constraint leads to a mesh dependence that we have tried to address with
the incorporation of meshfree methods.

In reality, materials do not exhibit “perfect localization”. This difference is illustrated in Fig-

(b)

Figure 1.3: Cohesive crack tips: (a) cohesive zone model characterized by a
traction-separation relations T(A) and (b) atomistic view of higher-
order displacement gradients motivating a nonlocal continuum ap-
proach.

ures 1.3 (a) and (b). With cohesive surface approaches, all fracture processes act only across
a surface. Figure 1.3 (b) shows the norm of the higher-order gradient of the displacement field
Uisrjk Wirjk around a crack tip subject to mode I loading in a two-dimensional, triangular lattice
under the influence of a simple pair potential. Though not representative of any real material, this
atomistic model provides a detailed view of the tip displacement fields resulting from highly nonlin-
ear and nonlocal interactions that is difficult to obtain by other means. Higher-order displacement
gradient dependencies introduce an intrinsic length scale, regularizing the localized mode. The
figure illustrates that the regularization acts not only across the fracture surface, but in region
surrounding the crack tip. In a sense, the region closest to the tip acts as a cohesive volume where
dissipation mechanisms associated with fracture are active. This difference may prove important
in modeling fracture in microsystems since the overall dimensions of the structures are very small.
More importantly, a cohesive bulk constitutive model incorporating higher-order gradient regu-
larization passes from stage 1 to stage 3 without requiring numerical procedures to pinpoint the
transition state, stage 2. Issues associated with actively tracking fracture surfaces are eliminated.

The current form of the VIB model described in Section 2.2 lacks regularization leading to a
pathological mesh dependence in the localized mode. We have begun development of a higher-
order gradient, regularizing enhancement to the VIB model[35]; however, the work is still in its
preliminary stages. Despite the lack of regularization, the model does allow us to study the effects
of nonlinear continuum response under conditions of dynamic fracture in brittle materials that are
unavailable with any other approach. As alluded to above, we have also begun to investigate the
application of the VIB model in an adaptive cohesive surface approach. As depicted in Figure 1.2,
the cohesive bulk response (a) complements the cohesive surface response (b) in that the former is
not valid after the bifurcation point marked by o. while the latter is invalid before it.

The cohesive surface network also avoids the issue of selecting and tracking a stage 2, failure
initiation condition by making the entire network active in the initial geometry. Of the approaches

12



1.3 Role of meshfree methods in cohesive modeling

considered in this report, the cohesive surface network approach is linked most directly to the finite
element method: all element interfaces are bound together with cohesive tractions. In principle,
the bulk constitutive models govern stage 1 deformations while the surface constitutive models
govern the stage 3 behavior. In reality, the response for stages 1, 2, and 3 are a composite of the
bulk and surface models. The composite behavior presents problems for two reasons. First, the
effective response is difficult to predict. In Section 2.1.3, we derive the effective modulus for a one-
dimensional cohesive surface network in the undeformed state. Calculating the effective modulus
for a multidimensional network subject to general states of deformation would be considerably
more difficult. Second, the effective properties of the network are mesh dependent, changing as a
function of mesh design and element size. As described in Section 4.3, we are unable to produce
convergent results for mixed-mode fracture simulations using the cohesive surface network approach
though others have produced more promising results for modeling fracture in ductile materials[83],
assuming that the cohesive strength is very low.

From a practical point of view, the insertion of a cohesive surface network results in a consid-
erable increase in the model size. Although sometimes termed “double-noding” of the mesh, the
number of “duplicates” needed for every node depends on the topology of the mesh. A separate
node is needed for every bulk element that converges on a particular vertex of the mesh. For a
regular mesh of quadrilateral elements, the number of nodes increases by a factor of four. A regular
mesh of equilateral triangles sees an increase of six. The factor of increase tends to become larger as
the number of spatial dimensions increases. A regular mesh of hexahedral elements sees an increase
of eight, while a mesh of tetrahedral elements could see an increase of a factor of twelve or more.

This report does not address issues associated with treating stage 4, interactions between newly
created free surfaces. Fracture surface interactions would be expected under mixed-mode loading
conditions without a strong opening component or under conditions of extensive fragmentation.
In this report, we have limited our examples to cases for which the opening mode displacements
avoids contact between the crack faces. Cohesive surface elements within a standard finite ele-
ment framework coincide with element boundaries, so fracture leaves behind a well-defined surface
geometry where traditional methods for enforcing contact constraints may be applied. Issues aris-
ing from inserting cohesive surfaces in a meshfree domain are discussed in Section 3.3. Although
the representation of the displacement field is different when using meshfree methods, traditional
approaches for enforcing contact constraints should be applicable with some modifications. With
bulk cohesive approaches, fracture runs through the elements, not between them. Within a finite
element framework, some additional implementation details would need to be addressed to con-
struct a representation of the free surface along the fracture path. With meshfree methods, this
construction is admitted naturally.

1.3 Role of meshfree methods in cohesive modeling

Notably, none of the approaches mentioned in Section 1.2 are based explicitly on meshfree methods.
Meshfree methods do not in themselves provide theories of material behavior or fracture. They
simply provide a representation for the unknown fields based solely on nodal information, rather
than element-based constructions provided by standard finite element methods. However, meshfree
methods do possess a number of properties that make them especially well-suited for modeling
fracture and fragmentation. Section 3 describes the meshfree formulations used for this study.
This study is not intended to provide a comprehensive review of the state of the art in meshfree

13
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methods. The attributes we identify as reasons for considering meshfree methods to model fracture
are as follows:

(1)

Natural adaptivity. With standard finite element techniques, the nodal shape functions and
therefore the representation of the displacement field is defined over subdomains, or elements,
with a pre-defined geometries and nodal topologies. Since cracks produce discontinuities
in the displacement field, they must be explicitly represented in the computational mesh.
With meshfree methods, the representation of the displacement field is based only on local
collections of nodes. The set of nodes used to construct the displacement field at any point may
contain an arbitrary number of nodes; moreover, this set may be modified to exclude nodes
falling across a line of discontinuity. In this way, evolving discontinuities can be naturally
embedded in the displacement field. Furthermore, h refinement can be implemented by
“sprinkling” more particles in the region needing higher resolution while p-like refinement is
available through local modifications to the parameters of the nodal shape functions[57, 55].

Reduced “texture bias”. Ideally, numerical results should show little effects of discretiza-
tion. In practice, numerical methods can never be entirely free from discretization effects
even though the formulations are convergent. This observation is especially true in situations
involving bifurcations. The appearance of cracks may be viewed as a bifurcation. Since the
support of the nodal shape functions with meshfree methods can be selected to be isotropic,
circular in two dimensions and spherical in three dimensions, simulations of localized modes of
deformation have a reduced tendency to follow the “texture” of the spatial discretization[54].
Furthermore, cracks, or other discontinuities in the displacement field, are not restricted to
propagate along element boundaries.

Improved robustness under large deformations. Under large deformations, standard
finite elements may become twisted or inverted. These deformations are physically inad-
missible. However, certain representations of the displacement field are more susceptible to
introducing these errors in the mapping from the reference to the deformed configuration.
Due to the more diffuse, or non-local, character of the meshfree shape functions, they display
a higher resistance against errors of this type[17, 60].

Smoothness. With the recent interest in the simulation of localized deformation and defor-
mation in very small structures, nonlocal constitutive models have re-emerged as an active
area of research. Many of these models introduce intrinsic material length scales through
the use of strain gradients or gradients in the deformation gradient. Models of this type
require representations of the displacement field that are at least C'' in order to produce
convergent results. Standard finite element approximations to the displacement field are C©.
Higher-order finite elements are smoother on the element interiors, but are still C° across
element interfaces. C' approximations of the displacement field have been constructed in
two dimensions under the assumption of infinitesimal strains[94] through the introduction
of rotational degrees of freedom for every node. However, the approach introduces a large
number of degrees of freedom, requires reformulation for application to three-dimensional
problems, and has not been developed for the case of finite strains. With meshfree methods,
the displacement field can be constructed to be arbitrarily smooth. Higher-order gradients
of the displacement field follow from simple differentiation of the expressions for the nodal
shape functions. The C* representation of the displacement field allows construction of a
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1.3 Role of meshfree methods in cohesive modeling

strictly displacement-based implementation for higher-order gradient theories, even at finite
deformations.

(5) Inherent multiscale capability (RKPM). The Reproducing Kernel Particle Method
(RKPM) is formulated within the framework of wavelet theory. As a result, the method
can make use of the multi-resolution character of wavelets to produce a hierarchical, mul-
tiscale solution[57, 59]. We have not taken advantage of these feature of RKPM. However,
the capability for assigning different constitutive behavior to displacement field features with
different characteristic length scales appears to be a very promising approach for simulating
fracture and other forms of highly localized deformation[61].

Researchers in the meshfree community often cite other advantages of meshfree methods that
we consider secondary in the study of fracture. The lack of a mesh is omitted from the list above
because our current implementation makes use of a background grid to integrate the weak form of
the governing equations. Implementations of this type are sometimes referred to as “semi-meshfree”.
We use standard mesh generation tools to create the integration grids for our calculations. The
need for this background grid can be removed with the move to node-based integration schemes.
A number of these have already been developed[8, 19, 18], and this area remains an active topic
of research. Methods making use of nodal integration schemes are often referred to as “truly
meshfree”. We do not find this distinction useful because the properties of the shape functions
and the list of advantages given above is the same regardless of the integration scheme used. Our
experience with meshfree methods indicates that they work most-efficiently when the node, or
particle, distribution is uniform or varying smoothly. For highly irregular particle distributions, we
find that the number of particles contributing to the field at any point must generally increase in
order to insure that all points in the domain are sufficiently covered. Moreover, we have not studied
effect of particle distribution on numerical errors; however, Dolbow and Belytschko[23] have shown
that integration errors grow with grid-based integration schemes as the particle spacing becomes
highly irregular. The proposed nodal integration schemes of Chen et al. [19, 18] display accuracy
that appears less sensitive to particle distribution than grid-based integration. For complicated
geometries or situations for which the particle distribution needs to be carefully controlled, software
for generating high quality finite element meshes represent the best tools for producing regular or
smoothly varying particle distributions.

Of the modeling approaches described in Section 1.2, only the cohesive surface network approach
is intimately linked to the finite element method. Certainly, a network of cohesive surfaces could be
introduced into the initial state of a meshfree domain, but this would fail to take advantage of the
inherent adaptivity provided by meshfree methods. In this study, the network approach is not used
with meshfree methods. Meshfree methods are used as an integral part of the adaptive approach
with cohesive surfaces. The implementation of this procedure is discussed in Section 3.4. Adaptive
approaches to modeling fracture may also be implemented using standard finite element methods;
however, these are not considered here because of the difficulty associated with modifying the mesh
topology to account for growing cracks. Finally, the VIB model is a bulk constitutive model that
can be used with standard finite element methods as well as with meshfree methods. In this study,
we use the model with meshfree methods because they display less “texture bias” and because of
their robustness under conditions of dynamic fracture.

15



1 INTRODUCTION

1.4 Outline of this report

The remainder of this report proceeds in the following order. We describe the surface and bulk
cohesive formulations in detail in Section 2. Section 2.1.1 describes the element level equations
associated with cohesive surfaces. Section 2.1.2 presents several rate-independent cohesive surface
relations. Sections 2.1.3 and 2.1.4 provide an analysis of the mesh dependencies that arise with the
cohesive surface network approach. Section 2.2 describes the Virtual Internal Bond (VIB) model,
an attempt to embed cohesive behavior within a bulk constitutive model. Sections 2.2.1 | 2.2.3,
and 2.2.4 describe how the VIB model parameters can be selected to exhibit particular material
behavior. Section 3 describes the meshfree formulations studied in this report. In particular, Sec-
tion 3.3 describes the changes needed to the standard formulation of cohesive surface elements for
application to a meshfree domain. The implementation of adaptively inserted cohesive surfaces in a
meshfree domain is described in Section 3.4. Section 4 presents four numerical studies of modeling
fracture with cohesive approaches. Section 4.1 studies the source of numerical errors in cohesive
modeling with simulations of fracture in a double-cantilever beam specimen. In Section 4.2, three-
dimensional peel simulations in mica are compared with experimental observations. Section 4.3
investigates the reliability of cohesive approaches for modeling generalized fracture under dynamic
conditions for mixed-mode loadings. Section 4.4 studies the behavior of the various cohesive ap-
proaches under conditions for which the crack propagates at its terminal velocity. A summary
and topics for ongoing development are presented in Sections 5 and 6, respectively. Finally, Sec-
tion A provides supporting discussion on the kinematics of large deformations, Green elastic theory
of hyperelastic materials, and presents the governing equations of elastodynamics solved for the
numerical examples.
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2 Cohesive formulations

In this section, we present the formulations of both surface and bulk cohesive models. The de-
scription of the surface models includes the development of the element level relations as well as an
overview of the cohesive surface relations used in this study. We also discuss the origin of numeri-
cal artifacts arising from the application of the surface formulation with a network approach. The
description of the bulk cohesive model covers only the development of the constitutive relations.
We also outline some analysis of the model response that is needed to fit the model parameters to
particular material behavior.

2.1 Cohesive surface formulation

The description of the cohesive surface formulation is presented in two parts. First, we present
the expressions element force vector and its consistent tangent stiffness. This element formulation
allows all constitutive behavior to be evaluated in an local coordinate frame defined with respect to
the deforming surface facets. The following section describes the rate-independent cohesive models
used for the numerical examples presented in this study.

2.1.1 Element formulation

At every point along a cohesive surface, we define a local coordinate frame which resolves the
opening displacements across the surface into normal and shear components. As shown in Fig-
ure 2.1, this coordinate frame is not uniquely defined for finite deformations. We choose to define

€2

€]

Figure 2.1: Local coordinate frame €; constructed along the surface where e; is
the global cartesian frame.

this coordinate system with respect to the mid-plane between the displaced surfaces. Alternately,
this frame may be fixed to the upper or lower facet. The discussion that follows is independent
of the particular choice of local coordinate system though we present specific expressions for the
mid-plane. Let the transformation of the gap vector from its representation in the global coordinate
frame A to its local representation A in a frame defined with respect to the cohesive surface be
given by

A=QTA. (2.1)
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2 COHESIVE FORMULATIONS

The transformation resolves the opening displacement into normal and shear components relative
to the current orientation of the surface. This distinction allows for the definition of mixed-mode,
surface constitutive relations that show a dependence on the character of the opening displacement.
In a variational setting, the contribution to the virtual work from cohesive surface elements is

SwSE = /T SSAdT, (2.2)

To

where the integration domain I'g is defined in the undeformed configuration and J A is the variation
in the surface opening displacement. We review the formulation of several surface constitutive
models in Section 2.1.2. The discussion that follows applies to all displacement-driven cohesive
relations T(A) defined in the local surface frame. From (2.1), the traction in the global coordinate
frame is given by the transformation

T=QT. (2.3)

With these preliminaries, we derive the expressions for the element level nodal force and stiffness
contributions arising from discretization of the cohesive surfaces. Assuming the displacement field
is expressed in terms of an expansion of nodal values and shape functions, the opening displacement
vector may be written as

A(€) =u' () —u (¢
=Y u@ua— Y ®a@ua (24

AeNt AeN—

where u™ and u~ denote the displacement fields of the upper and lower surfaces, respectively,
defined by sets of nodes N* and N—, ®4 is the shape function associated with local node A on
upper or lower surface, uy is the nodal displacement, and £ are coordinates parametrizing the
surface. This expression for the opening displacement and the expressions for the nodal force and
stiffness that follow are valid within a framework using standard finite element shape functions
as well as a framework using meshfree shape functions. In terms of the variation in the nodal
displacements uy4, we can rewrite the work increment (2.2) as

SwSSE = £{5F - fuy, (2.5)

where the components of the nodal force

JAY) ~

CSE 2

= ii i dIl’ 2.
157 = [ g QuTyd (2.6)
To

only receive contributions from cohesive surfaces that fall within the support of node A and

) P4 5 +
an; { 245, for A€ N*, e

8ujA N —%5”‘ for Ae N—

follows from the definition of the opening displacement (2.4).

The transformation to a representation of the displacement jump and tractions in a coordinate
frame fixed to the current configuration of the surfaces is often neglected in an analog to small
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2.1 Cohesive surface formulation

strain bulk deformation. Though omitting this changing transformation reduces computational
effort, the resulting nodal forces will be incorrect in situations for which the surfaces undergo
appreciable reorientation due to local crack tip deformations or rigid rotations of the entire body.
Tracking the current orientation of the surfaces adds relatively little complication of the element
force vector, but produces a considerable increase in the complexity of the tangent stiffness. Not
only does the transformation introduce additional contributions to the stiffness, but the resulting
matrix is not symmetric.
The tangent stiffness matrix is derived from the linearization of (2.6) as

5t = K§ P sup (2.8)
where
CSE
KCSE _ f
[ AB ]rs 8U5B
B A, 3@1] Lo, 8T OA, ar (2.9)
N 6uTA 8U5B i 8Ak Ousp .
o
From (2.1), we may write
OA; 0Qji 5 OA;
- g 2.1
Ougsp ausA Q] Us A ( 0)

Substituting (2.10) into (2.9), the tangent may be expressed as

0A,
CSE _ P
K3, = [ (W 0 22 0y 2

o

8Ti 9Qq; (2.11)
_ A
aurA O OA; Ousp 1

oA; 9Q;;
e s T) i

In order to complete the formulation of KgSE, we need to derive an expression for the third-rank

tensor gl—QA. In two dimensions, the transformation tensor Q may be expanded as
ZQJD = fz (51j + n; (52]‘, (2.12)

where the unit tangent direction in the deformed configuration

- t
t=— (2.13)
[t]
is defined from the jacobian of the surface parametrization
0x
t(§) = (5) (2.14)
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2 COHESIVE FORMULATIONS

The mid-plane surface is

=3 X e xat X 0u©xa ] (2.15)

AeNT+ AeEN—

where the nodes on upper and lower facets of the element are denoted by N and N~ as in (2.4)
and the current coordinates are defined with respect the undeformed coordinates X 4 as

x4 =X4+uy. (2.16)
From (2.15), the tangent (2.14) may be expanded as
1 0P 4 )
t(¢) == — — . 2.17
() =3 ZB§XA+Z 98 XA (2.17)
AeN+

The normal direction may be written as

ﬁ:ﬁ quzggw. (2.18)
From (2.12) and (2.18), we can therefore express % needed in (2.11) for the two-dimensional case
as
Q3 o, (z) Ot
— = 5y 20— 5, 2.19
8ukA 3uk,4 L + QW 8ukA 2 ( )
where

t; 0 t 1 [/ ot . Oty -
ot _ | ot _ 1 4 i) 2.20
Dura [qum m(wm Durn ) (220)

The derivative of the tangent t follows from (2.17) as

ot 100
— =-4 (2.21)
ouy 2 0¢
In three dimensions, the transformation tensor Q may be expanded as
?]D = 2?1(1) 015 + tAl@) 025 + 7 035, (2.22)

where the local normal direction fi and the two tangent directions t) and t(2) are defined using
the parameterization of the surface with respect to &€ = [§ r]]T. At any point on the surface, two
tangential, but not necessarily orthogonal, directions are defined by the columns of the surface
jacobian

Ix(§) 9x(§)
(1) 2)
m'/(§) € and m' (&) . (2.23)
Using the mid-plane construction, we can expand these tangent directions as
1 6IA(£>T]) 6114(6777)
(1) S Al AN
m'’ (&) 5 E ¢ XA+ E € XA (2.24)
AeN+ AeN—
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2.1 Cohesive surface formulation

and

m(2>(£):% 3 %%WXAJF g 9246 (2.25)

19}
AeN+ AeN— i

Using these results, we can construct the unit normal to the surface as

X n m® x m®
n= H = m, (2.26)
and the remaining, mutually orthogonal, directions are chosen as
M = 28‘ (2.27)
t@ =nxtW, (2.28)
aQ3P

In order to derive an expression for ZF— from (2.22), we need the derivatives of each of the
directions (2.26)—(2.28) with respect to uy. The derivatives of the coordinate directions are given

by

o) _ 1 fom? qyom (2.29)
8uk,4 N ‘m(l)‘ ﬁukA i 6ukA " ’ '
i Ony o)
L = i T (1) i , and 2.30
Ouga Ouga * o ouen | (2:30)
67%1 1 anz R a’l’br ~
S _y -, 2.31
8ukA |n\ <6uk,4 " 3uk,4 K > ( )
where €;;;, is the permutation symbol defined by
1 for even permutations of i, j, and k,
€;jk = § —1 for odd permutations of i, j, and k, (2.32)
0 otherwise
and the derivatives of the tangent vectors (2.23) are
om) 19, om® 109,
S d =Z 1 2.33
duy 2 0¢ a duy 2 On ( )
The expression for 8‘1—‘: in (2.31) follows from the definition of n in (2.26) as
on; om? om?
L. " m2) ()27 ) 2.34
8ukA Cirs < aukA s * Mr 8ukA ( )

With these results, the formulation of the element level nodal force vector and consistent tangent
matrix is complete. These expressions are valid for cohesive surfaces within a standard finite
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2 COHESIVE FORMULATIONS

element framework as well as within the framework of meshfree methods. In using these expressions
with meshfree methods, some modification of the nodes defining the displacement jump (2.4) is
needed. Furthermore, the current configuration of the element mid-plane from (2.15) and (2.16)
must be modified to account for the meshfree nature of the displacement field. Within a standard
finite element setting, the nodes defining the geometry are the same nodes defining the opening
displacement. In this sense, the elements may be considered “isoparametric”. As is shown in
Section 3.3 describing the formulation of cohesive elements in a meshfree domain, any points in the
undeformed configuration can be used to define the reference element geometry while the opening
displacement is calculated from the meshfree representation of the displacement field.

2.1.2 Cohesive surface relations

The element formulation presented in Section 2.1.1 makes use of a local coordinate frame defined
with respect the deforming facets of the cohesive surface. This construction allows all surface
constitutive relations to define the evolution of the local traction T with respect to the local opening
displacement A, while the kinematics of large deformation and surface rotations are accounted for
at the element level. For the case of an elastic, or reversible, cohesive relation, the traction is
derived from a free energy potential ¢ as

9p

T=—~ 2.35
Y (2.35)
while the surface stiffness may be expressed as
oT  9?
0A  0AOA

The use of ¢ in here differs from its definition in Section A.1. Throughout this section we will use ¢
to denote a cohesive potential. Using (2.36), we see that the first term contributing to the element
stiffness (2.11) is symmetric, while the remaining terms are generally nonsymmetric.

Motivated by the universal binding energy curves of Rose et al. [80] from atomistic modeling,
Xu and Needleman[95] proposed the mixed-mode cohesive potential

\ An An 1—gq A% r—q An
<p(A>—¢n+¢nexp<—E> <[1_T+E m—exp(—g> [q+<r_1 5,

From (2.35), the components of the traction are

-\ b A, A, A? 1—¢q A?
T"<A)_5n eXp( 5, ) \ 5, P\ ) T [P el

and ) . } ~
~ [~ Ay r—ql| A, Ay A%
T,(A) =2¢, =t o _on e 2.
(a) =20 52 (“[T—J 5n>eXp< 5n>eXp< 52 (2:39)

In (2.37)-(2.39), the ratio ¢ = i—; relates the pure normal mode to shear mode fracture energy

and r = ?—f defines A,*w the value of A, after complete shear separation with 7}, = 0. The effect
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2.1 Cohesive surface formulation

of r vanishes when ¢ = 1, which is the value used for all calculations in this study. The normal
and tangential openings are defined as A, = A -fiand A, = A -t with respect to the local
normal and tangent. Xu and Needleman developed this cohesive relation in two dimensions. We
extend this relation to three dimensions by assuming the response to be isotropic with respect to
the tangential opening. That is, the response is expressed only in terms of the magnitude of the
tangential opening, which can also be written as

A, = )A —Anql, (2.40)

to emphasize that it is independent of t. For the three-dimensional model, we did not attempt to
incorporate any additional effects from the relative rotation of the surfaces about the normal.

The potential developed by Xu and Needleman is of the form ¢(A), where the vector argument
implies the potential itself explicitly dictates the dependence of the traction on the shear and
opening components of displacement. By inspection of (2.37), it is clear that potentials of this type
are difficult to derive for specific behavior. In contrast, others[15, 16, 70, 81] have proposed cohesive
potentials which can be expressed in terms of a scalar, effective opening displacement ¢(A). The
dependence on the shear and normal components of the opening displacement is incorporated into
the definition of the effective opening displacement

AT = /A . BA, (2.41)

where 3 is introduced to produce mixed-mode effects. 3 is typically diagonal and controls the
relative effect of the shear and normal openings. From (2.41) and (2.35), the cohesive traction is

-~ Oy 1 9
T=-"L = - 2.42
for symmetric 8. From (2.42) and (2.41), we can define an effective traction
eff a@ T —1r
T = 22—\ /T3 T. (2.43)

= A=
Note that the effective traction T°% is not equal to the magnitude of the traction ]’i‘] unless B = 1.

One advantage of scalar traction potentials is that they allow greater flexibility in the form of the
potential. Any one-dimensional relation may used used to define mixed-mode response by making
use of the effective opening concept. Moreover, damage-like variables are readily incorporated to
model irreversibility in the failure process. Since the direction of opening is lost in calculating
A from (2.41), the cohesive relations must be augmented with additional terms for compressive
loading; otherwise, “tensile” failure will also occur in compression.

In Section 2.1.3, we describe the pathological mesh dependence that arises from an active
cohesive surface network. Analysis of the softening the network produces shows the problem di-
minishes as the initial slope of cohesive relation increases. We would expect this because the mesh
dependence results from the fictitious compliance introduced by the network. From a numerical
standpoint, it is undesirable to address this issue by selecting a potential with an extremely stiff
initial response because of the instabilities this produces in the solution procedure. An alternate
approach to achieving cohesive elements that are initially rigid is to introduce them adaptively.
Adaptive insertion of cohesive surfaces is not only an implementation decision, it also produces
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2 COHESIVE FORMULATIONS

certain constraints on the form of the cohesive law. Adaptive insertion of cohesive surfaces has
been used by Ortiz et al. in simulations of dynamic fracture and fragmentation in two[l5, 16] and
three[71, 81] dimensions using a scalar traction potential and the effective opening concept. Adap-
tive insertion requires selecting a criterion to trigger the start of the failure process. Ortiz et al.
use the effective traction in the failure initiation criterion

7t > ... (2.44)

We can gain some insight into this criterion and the role of the effective opening displacement by
assuming a simple form for 8 to yield

Teff:\/T-[5—21+(1—5—2)ﬁ®f1]T

=\/B~2T2 + 12
From (2.45), it is evident the parameter 3 controls the sensitivity of the failure criterion to shear
and normal tractions. From micromechanical considerations, one can imagine that frictional mate-
rials exhibit especially high capacities for shear loading. Indeed, for simulations of concrete, Ortiz
et al. [81] select § = 10. The coefficients in B are fitted to experiments of high strain rate axial
compression[20, 21]. However, under mixed-mode conditions its difficult to determine the mecha-
nisms leading to the variation in the fracture energy. The variation could be the result of crack
face contact and friction or changes in the behavior of the local bulk dissipation. The coupling
of these additional sources of dissipation to the cohesive behavior has not been studied in detail.
Other failure initiation criteria have may be proposed, such as those based on the maximum cir-
cumferential crack tip stress[25], or similarly, crack extension perpendicular to the direction of the
maximum principal stress. This latter criterion is based on observations that cracks appear to
propagate in the “local mode I” direction[7, 85]. The difficulty with the initiation criteria lies not
only in selecting a suitable value of the “strength” of material, but also in incorporating the effect
of mixed-mode loading on the predicted failure condition and the corresponding crack extension
direction.

An additional requirement in formulating a mixed-mode cohesive relations for application to
adaptive insertion approaches is that they must allow the initial traction to be specified explicitly
in order to ensure that the traction along the initiated failure surface is continuous in time and
evolves in a physically meaningful way. In formulating this class of cohesive surface relations, we
might assume the tractions are given by

(2.45)

T(A) - D(A) T, (2.46)

where T is the traction at failure initiation and D (A) represents a general mixed-mode evolution

relation for the traction, restricted by the conditions that

DO)=1 and  lim D(A) ~ 0. (2.47)

|A|—o00

When expressed in the form suggested by (2.46) and (2.47), the cohesive tractions do not evolve
identically at all points on the failure surface. In general, the initial traction will differ depending
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2.1 Cohesive surface formulation

on the state of stress at initiation. This observation is different from the usual notion of first
determining a cohesive surface relation based on experimental measurements or a model for the
failure process and then applying this identical relation to every occurrence of the failure mode.
As shown above, the evolution process is treated as an initial value problem where the initial
conditions are determined by the state of stress, or traction, at the onset of failure. Viewed in this
sense, D represents this process and is the same for each surface. More generally, we could express
the mixed-mode evolution as D<A, Tg, q), where q represents any state variables. As a simple

example, we might choose an evolution relation, taking a scalar argument, that incorporates the
exponential “tail” of the universal binding energy curve[80]

E(Aeff) - exp(—A;H> 1, (2.48)

C

where 6, represent a characteristic opening to failure. One problem with an evolution relation of
this form is that traction magnitude evolves, but the direction remains the same in the local frame.
There have not been sufficient detailed experimental observations of the evolution failure process
zones to determine the shortcomings of this assumption.

For the simulations presented in Section 4.4, we used the linear, damage-like, traction evolution
relation

(1-4%)1 A > AR
D(A) = § AT (1-88) 1 A< AT (2.49)
0 A > 5,
where AT is a state variable tracking the maximum effective displacement achieved. The fracture

energy defined by
G—/TdA (2.50)

for general 3 # 1 requires specification of the opening displacement history. For the simplified case
of purely opening mode displacement with 3 = 1, the linear traction evolution law from (2.49)
displays a fracture energy of

1
G = 5 |To b (2.51)

2.1.3 Softening induced by a cohesive surface network

In an idealized description of the cohesive surface network approach, the complete material de-
scription is separated into fracture properties captured by the cohesive surface constitutive model
while bulk properties may be selected with near complete independence. Furthermore, the discrete
collection of fracture surfaces is assumed to yield realistic crack paths on average or as the mesh
is refined. In the discussion that follows, we demonstrate that the method is not convergent as a
function of mesh size. Furthermore, we develop a condition for the existence of a true continuum
cohesive crack from the notion that the traction distribution in the failure process zone must be
well-resolved over the spatial discretization near the tip.

An active cohesive surface network may be considered as a composite material consisting of
discrete surface elements inserted between continuum regions exhibiting some bulk constitutive
properties. Naturally, the effective elastic properties of the composite depend on properties of both
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2 COHESIVE FORMULATIONS

the surface and bulk constitutive relations although the surfaces are introduced only to produce
fracture behavior. This distortion of elastic properties is present for all degrees of deformation and
is exhibited by the composite even in the undeformed state. Moreover, the elastic properties of
the composite are mesh-dependent both in terms of a general softening with decreasing mesh size
and anisotropy induced by the mesh texture. In essence, the difficulties arise because the surface
relations exhibit an inherent length scale that is absent in homogeneous deformations. Since this
length scale is introduced at the level of the finite element discretization, it is not surprising that
the resulting difficulties are also mesh-dependent.

A one-dimensional example can be used to demonstrate the general features of the distortion
of elastic properties produced by an active cohesive surface network. For the one-dimensional case,
the cohesive surfaces simply produce softening. In multiple dimensions, this distortion takes the
form not only of a change in overall stiffness, but also the development of anisotropy which is
dependent on the detailed layout of the mesh. A one-dimensional cohesive network is shown in left
portion of Figure 2.2. The spacing between cohesive surfaces in the undeformed state is h. Subject

1.0
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0.8 \ \
: 0.6 | _
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Figure 2.2: A one-dimensional cohesive surface network and its effective modulus
E.g as a function of surface spacing h and cohesive parameters §,, and
Oc-

to some loading, each continuum block stretches by an amount dh, and each surface opens by a
jump of dA. Traction continuity requires

Ee=koA, (2.52)

where F is Young’s modulus of the bulk, € is the infinitesimal strain %h, and k is the constant of

proportionality between the initial opening displacements and the resulting tractions. The effective
modulus of the composite is Feg = 0/€tor, where the total strain is

Oh +0A
ot = —— (2.53)
Combining these expressions, the effective modulus of the composite may be written as
Fu=FE |1—— (2.54)
eff = - kh :
1+
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2.1 Cohesive surface formulation

From this result, we see that the properties of the continuum are recovered as the cohesive surfaces
become rigid, that is, Feg — F as k — oo or h — oco. In practice, the bulk constitutive properties,
represented by E, and the fracture properties, represented by k, are selected to represent a particular
material. Therefore, Eeg in (2.54) has only one free parameter h, the surface cohesive surface spacing
which is also the continuum element size since cohesive surfaces are inserted between all element
interfaces. As we make the continuum elements smaller, the effective stiffness of the composite
medium decreases.

In order to demonstrate the significance of this softening, we make use of the cohesive relations
developed by Xu and Needleman[95]. Since this analysis describes only the properties of the
undeformed network, the detailed form of the relation does not contribute to the effective modulus
expression (2.54), but a particular relation is needed to express the softening behavior in terms of
cohesive parameters. In the absence of shear deformations, the normal component of traction is
given by

Ay

Tn(An) = % Ay eXp<_$> > (2'55)

where ¢, is the mode I work to fracture and §,, is the normal opening at which the maximum
traction of
_ Pn

T eon
is produced, where e = exp(1). For initial openings, the proportionality constant k in (2.52) is

_ P

_@,

(2.56)

Oc

k (2.57)
In fitting the parameters of a cohesive model, we typically select the fracture energy ¢, and a value
for either o. or d,, neither of which has been experimentally determined with a high degree of
certainty. Orowan estimated E/o. = 30, though values of 10[95] to 600[15] have been used in the
literature.

The right portion of Figure 2.2 shows the effective modulus of the one-dimensional cohesive
surface network as a function of the cohesive strength for a range of the surface spacings. The
modulus of the continuum is recovered as o, and h/d, increase.

2.1.4 A cohesive zone condition

In modeling phenomenon exhibiting intrinsic length scales, one expects these scales to result in
some upper bound restrictions on the mesh dimension. A criterion for this upper bound is now
developed based on a cohesive zone condition. In order for simulations using cohesive surfaces
to return reliable results, the tractions in the cohesive zone must be well-resolved by the spatial
discretization. Otherwise, the fracture energy fails to be represented accurately. We define the
“cohesive zone” as the region on a fracture plane from the location of peak tractions to the “tail”
of the distribution where we consider the material to be completely failed. The size of this zone
depends not only on the properties of the cohesive relation, but also on the bulk constitutive
properties and the local geometry. In order to derive a condition for the existence of a continuum
cohesive crack, we make use of the linear elastic, asymptotic tip fields. The stress varies as

K
\27Tr ’

27

o =

(2.58)
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where K is the stress intensity fracture and r is the distance from the tip. The distance from the
crack tip at which the cohesive stress is attained is

r. — iﬁbEeff
c 21 o2

(2.59)

where we have introduced the fracture energy ¢ and the bulk constitutive properties using Irwin’s
relation ¢ = K?/Eqg. As with estimates of plastic zone sizes made with this approach, r. likely
underestimates the true distance to the tip at which the cohesive strength is attained since removal
of the stress singularity produces a redistribution of stresses near the tip. We now define a cohesive
zone condition

re > h, (2.60)

which states that in order for our simulations to capture the continuum notion of a cohesive crack,
the mesh dimension A must be smaller than the characteristic dimensions over which the cohesive
tractions act. Making use of the effective modulus for the one-dimensional cohesive surface net-
work (2.54) together with the parameters of the Xu-Needleman potential, we find the cohesive zone

condition requires
h e 1\ F 1 FE

e 2.61
5n<<27r e>oc 15 o, ( )

In the calculations of Xu and Needleman[95], they choose the cohesive strength as E/o. = 10,
meaning the cohesive zone condition can only be satisfied if the characteristic mesh dimension is
smaller than the critical opening displacement. The ratio of mesh size to critical opening displace-
ment in Xu and Needleman’s study varies over the range 5 < h/d, < 50, meaning that the cohesive
zone condition is not satisfied. For h/d,, = 5, the effective modulus (2.54) is only 60% of its desired
value. Reducing h further to satisfy the cohesive zone condition would result in even greater distor-
tion of the elastic properties. This approximate analysis indicates that no ideal compromise exists
between the mesh size restrictions required to preserve the elastic response and those required to
resolve the near tip cohesive zone. The consequences of failing to satisfy the cohesive zone condi-
tion (2.60) are not well understood. In Section 4.3, we study these issues further with numerical
examples.

2.2 Virtual Internal Bond model

In contrast the the surface model present in Section 2.1, we next present a bulk constitutive model
that displays cohesive behavior. The general features of the VIB model, as well as more detailed
study of its localization behavior under conditions of dynamic crack propagation, are described in
greater detail elsewhere[34, 45, 46, 47]. A brief review of the model is repeated here to provide
a description of cohesive behavior in the bulk behavior and to provide relations needed to fit the
parameters of the model to specific material behavior. The model attempts to incorporate the
behavior of a spatial distribution of cohesive bonds that are presumed to act at the microstructural
level. The link between the microstructure and continuum-level measures of deformation is made
using the Cauchy-Born rule, which assume macroscopic measures of deformation are imposed uni-
formly across the underlying microstructure analogous to Taylor’s assumption for polycrystalline
plasticity formulations. This approach is employed by Ortiz, Phillips, and Tadmor to develop con-
stitutive models for single crystal materials[87]. From a practical point of view, it is desirable to
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extend the procedure for embedding cohesive behavior beyond models for single crystal materials.
We would like to develop a model to study fracture in noncrystalline materials, such as polymers or
glasses, or in polycrystalline materials for which the elastic anisotropy is lost due to the homogeniz-
ing effect of many randomly oriented crystalline grains. The concept of homogenization is applied
here to the interactions between material particles. The resulting constitutive model embeds the
cohesive nature of the interaction potentials, but is free of any orientational dependencies.

The VIB model is developed within the framework of hyperelasticity. The current, or deformed,
configuration of a body is described as x = ¢(X), by a mapping ¢ of the undeformed configuration
X. The arrangement of cohesive interactions among material particles is described by a spatial
bond density function. The strain energy density is computed by integrating the bond density in
space in a continuous analog to the sum over discrete lattice neighbors for the case of crystalline
materials. The VIB form of the strain energy density function is

1

= o
2

o U(l) D dS, (2.62)

where Qg is the undeformed representative volume, [ is the deformed virtual bond length, U(l) is
the bonding potential, Dgq is the volumetric bond density function, and € is the integration volume
defined by the range of influence of U. Depending on the range of influence of the bond potential
function, the integration volume €2 may not correspond with the representative volume (2. This
difference may be illustrated for crystalline materials whenever the bond potentials extend beyond
the lattice unit cell. This method was first alluded to by Gao[31] as a method for constructing
an amorphous network of cohesive bonds by a spatial average. The deformed bond length [ is
computed from the Cauchy-Born rule, assuming the integration volume 2 deforms homogeneously
as described by a given deformation gradient F = g—)"‘(’. In order to avoid questions as to whether the
Cauchy-Born rule holds for the proposed microstructure, we consider only bond density functions
Dq that are centrosymmetric. Under this restriction, the deformation at the microstructural level
must be homogeneous in order to maintain the symmetry present in the undeformed configuration.
In extending this description from a lattice of discrete bonding interactions to a continuous bond
distribution, the invariance in the deformation with respect to translation of our observation point
is not limited to positioning the coordinate origin at crystal lattice sites. All points in the material
act as centers of symmetry. From physical considerations, we assume the bonding function U will
be relatively short range so that, although the bond density function Dgq describes the relative
particle distribution of the entire body about the observation point, the integration volume €27 will
be on the order of the representative volume €2y. The undeformed virtual bond vector is represented
as

L=LE, (2.63)

where L is the reference bond length, and E is a unit vector in the direction of the undeformed
bond. Undeformed bonds are mapped to their deformed configuration I by

l=FL. (2.64)
Making use of the right Cauchy-Green stretch tensor, the deformed bond length is

/(C)=LVE. CE. (2.65)
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Expressed as a function of C, the deformed bond length transforms objectively by construction.
The stress response and tangent moduli are computed from the strain energy density (2.62) using
the relations from Green elastic theory[63]. Employing

o L?
—=—EQE 2.
oc 2= o= (2.66)
the (symmetric) 2" Piola-Kirchhoff stress is
0P 1 U'(l) 9
S=2—=— E®EL* Dqd 2.67
oc o, ) 1 =% 2 (2:67)
2
and the material tangent modulus is
aS 1 u'i)y u'l) 4
C=2_——=— — EQRERE®EL" DgdQ. 2.68
ac ~ 0 / < Bz JEUE0Ee ° (2.68)

O

The modulus (2.68) displays Cauchy symmetry as well as the usual major and minor symmetries of
elasticity. This result that an amorphous solid with a random network of cohesive bonds satisfies
the Cauchy relation seems to be a generalization of Stakgold’s theorem[86] to an amorphous solid.
A material particle in an amorphous solid satisfies centrosymmetry in a statistical sense, and the
cohesive force law corresponds to a two-body potential.

Since we limit our study to centrosymmetric bond density functions, it is natural to express the
strain energy density (2.62) in spherical coordinates as

#(C) = (1) = (ULVE-CE)). (2.69)
where each bond is characterized by coordinates {L, 6, ¢}. For conciseness, we have introduced the

notation of a spherical average as

© w L*

QO/// D(L,0,¢) L*sin 6 dL df de, (2.70)

—m 0

where L* represents the maximum distance over which particles interact. In spherical coordinates,
the bond direction vector E can be written as

sin 6 cos ¢
(0,0) = 4 sinf sing p . (2.71)

cosf

[1]

The precise definition of D(L, 6, ) is that D(L,0,$) L?sinfdL df d¢ represents the number of
bonds in the undeformed solid with length between L and L + dL and orientation between {6, ¢}
and {0+ df, ¢ + d¢}. Using this notation, the components of the 2" Piola-Kirchhoff stress and
the material tangent modulus from (2.67) and (2.68) can be represented as

S = <ME®E> (2.72)
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and

v Ul
= (A ZoEo=E0E

The properties of the VIB model are determined by the choice of the bond density distribution
function D(L, 0, ¢). In this study, we consider only the isotropic form of the model. The distribution
function

D(L,9,¢) = Dr(L) (2.74)

yields an isotropic solid with fully randomized internal bonds. The instantaneous response becomes
generally anisotropic under finite deformations. The associated average for the isotropic case is

..
(o) = Qio (0)Dy(L) L2 dL. (2.75)

0

Selecting the radial bond distribution function as
Dp(L) = Dydép(L — Ly), (2.76)

where Dy is a constant, implies that all of the bonds in the solid are of the same type, or initial
length. The result is a model for amorphous material with nearest neighbor bonding only. With
this bond distribution, the strain energy density from (2.69) and (2.70) becomes

d = 502 0//U(l)sin0d0d¢. (2.77)
0 —m 0
The distribution function
D(L.6,) = Di(L) 6p(0 — 7/2) (2.78)

yields a plane stress, isotropic solid. Unlike the standard plane stress approximation, this model
is truly two-dimensional, displaying no out-of-plane deformation or stress. The material can be
thought of as being composed of a single sheet of cohesive bonds, or layers of noninteracting sheets,
since all of the bonds lie in a single plane. As was the case in three dimensions, selecting Dy (L)
as (2.76) yields a model for amorphous material with nearest neighbor bonding only. For this case,
the strain energy density has the especially simple form

T

_ Dy Lj
?= 5 /U(l)dgb. (2.79)

—T

Though this model may be physically unrealistic, its simplicity makes it useful for both theoretical
and numerical investigations of the fracture properties resulting from the VIB approach.

In the sections that follow, we will investigate the stress response and fracture properties ex-
hibited by the VIB model. The goal of these sections is to present relations between the bond
potential parameters and resulting model response. These relations allow the model to be fitted to
particular materials.
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2.2.1 Isotropically elastic properties at infinitesimal strain

We are particularly interested in the properties of an amorphous network of cohesive bonds that
is homogeneous and isotropic at small strain. The properties of the model at small strains can be
used to fit the model parameters to particular materials. For this case, the bond density function
is selected as D(L,0,¢) = Dr(L), and E, the Green Lagrangian strain, and S reduce to the strain
and stress tensors of linear elasticity: E — € and S — o. ® can be expanded up to the quadratic
term as

P(e) = <U(L) + %U”(L) (E-€E)(E e E)> : (2.80)

where the first order term does not appear since the interaction potential is assumed to satisfy
(U'(L)) = 0 to give a stress-free, undeformed state. This produces the generalized Hooke’s law

Oij = Cijkl €kl (2.81)
where the modulus under infinitesimal deformations is related to the cohesive bond distribution by

c=(L*U"(L)ERE®ERE)

—T T

2.82
:<L2U"(L)>L//E®E®E®Esin&d@dd). ( )
T 0
It can be directly verified that
—T 7T,_ o . 47_[_
/ /:i E;jZrEysinfdf do = iR (030Kt + 0ir6j1 + 0i10k;5) (2.83)
T 0
is a fourth-rank isotropic tensor. The resulting elastic stiffness tensor is
Cijrr = 1 (8450k1 + 0ir0j1 + 0i1dk;) (2.84)
with shear modulus equal to
47
n=1r (L?U"(L)), - (2.85)
The other elastic constants are
2m 2771
A=p v=1/4 E:?<L U"(L)), (2.86)

where A and p are the Lamé constants, v is Poisson’s ratio, and F is Young’s modulus. Since a
variety of engineering materials display values of Poisson’s ratio within a range around 1/4, the
Cauchy symmetry exhibited by the VIB model does not represent a significant restriction of the
formulation for application to practical analyses.

The results for the plane stress, isotropic bond density function

D(L,0,¢) = D1, 5p(0 — 7/2) (2.78)
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are quite similar, but the relations for the elastic moduli (2.85,2.86) must be modified to account
for the difference in spatial dimensions. The modulus in the generalized Hooke’s law (2.81) is given
by
c=(L*U"(L)ERE®ERE)
-7
= (L*U"(L)), / EQEQEQREd.

™

(2.87)

The elastic stiffness tensor has the same form given in (2.84). However, the shear modulus becomes

= % (L2U"(L)), . (2.88)

From Cauchy symmetry, the Lamé constants are equal (A = ), but the relations between the other
elastic constants are different from the standard relations of three dimensional elasticity. From the
Hooke’s law relations in strictly two dimensions, Poisson’s ratio, Young’s modulus, and the bulk
modulus are related to the Lamé constants by

s A g A+
A+ 2u A+ 2u

, and K= A+ p. (2.89)

Using (2.89), the elastic constants for the plane stress isotropic VIB model are

2

v=1/3, and E= 5 (L*U"(L)) (2.90)

L-

2.2.2 A model potential

The preceding discussions have not made reference to any particular cohesive potential. For the
purpose of demonstration, we introduce the phenomenological cohesive force law

U'(l)y=A( - L)exp <—Z_TL) : (2.91)

The defining characteristics of this potential are illustrated in Figure 2.3. The potential has a
“well” of depth Uy = U(L) = —AB?2. This quantity can be related to the fracture energy through
a J-integral analysis[45]. The response of the potential for bond lengths around the location of
this minimum is determined by the parameter A. The “stiffness” at the minimum is U”(L) = A.
In the left portion of Figure 2.3, the potential U is shown with a quadratic potential exhibiting
the same energy, force, and stiffness at [ = L. The quadratic potential defines the response of a
“linear spring”, for which the force always varies proportionally with the stretch in the bond. Com-
pared with the quadratic potential, the cohesive potential displays greater stiffness for compressive
deformations and the characteristic loss of convexity in tension.

The second parameter B determines the cohesive properties of the potential. The maximum
force U’ pax = ATB, where e = exp(1), is generated for a stretched length of [ = L (1 + %) In terms
of the 2" Piola-Kirchhoff stress (2.67), we see that the cohesive strength displayed by the VIB
model is not determined by the force U’(l), but rather by the ratio U’(l) /. The maximum value
for this ratio occurs for

le =

(L+\/4BL+L2) — L+ B+0(B*L), (2.92)

N | —
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B

Figure 2.3: Characteristics of the phenomenological cohesive force potential
from (2.91) illustrating effect of the parameters A and B.

from which we find

s [U’(l)] UL AB (2.98)

LT TewtBy

As we will show in the next section, the peak Cauchy stress under equitriaxial stretching depends
on the maximum value of U’(1) /I?. The maximum value for this ratio also occurs for

13’ =L+B+0(B*/L), (2.94)

yielding

max
l

[U'(l)} _U@) . AB (2.95)

12 (130)2 " eL (L+2B)

2.2.3 Fitting of the cohesive strength

The cohesive strength exhibited by the model depends not only the choice of bond potential param-
eters, but also varies as a function of the deformation state. Experimentally, the cohesive strength
of materials has never been determined. Estimates of the cohesive strength lie in the range of less
that /600, as used by Camacho and Ortiz[15], to £/10 used by Xu and Needleman[95], where
E is Young’s modulus. Orowan[69] estimated the cohesive strength as F/30. The plane stress,
isotropic VIB model provides a simplified means for studying the variation of the cohesive strength
with deformation. With only two independent stretches determining the state of deformation, the
results become considerably easier to understand than the fully three-dimensional case. For the
two-dimensional case under equibiaxial stretching, the components of the 2" Piola-Kirchhoff stress

are
2N [ L2U'(1
S[J:< l()> /;I:Jd¢:< l()> wory. (2.96)
L L

Selecting the radial bond density function as D (L) = Dy dp(L — Lg) from (2.76) where Dy is a
constant, the Cauchy stress can then be expressed as
7 Do L3 U'(1)

= 1. 2.
o % ;i (2.97)
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2.2 Virtual Internal Bond model

The cohesive strength is achieved at the maximum value of U’(1)/l, which is given by (2.93) for the
model potential. Using this result, the cohesive strength under equibiaxial stretching for the plane
stress, isotropic VIB model is given by

. DyL§ ABm

©T 0y e(LotB) (2.98)

g

This relation becomes a helpful normalizing factor which can be used to demonstrate how values
of cohesive law parameters affect the cohesive strength displayed by the plane stress VIB model
under different states of deformation.

The normalized cohesive strength o, is shown over a range of deformation states for different
values of B/L in Figure 2.4. Primary extension of the material is in the X, direction. The stretch
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Figure 2.4: Variation in the cohesive stress o, with the state of deformation for
different values of the cohesive law parameter B/L using the model
interaction potential from Section 2.2.2.

in the X, direction is varied to control the stress ratio o1 /022 over a range from uniaxial stress
(011/022 = 0) to equibiaxial deformation (o11/0922 = 1). States of uniaxial stretching are indicated
by the line marked E1; = 0. Several aspects are apparent from the results shown in the figure. The
relation (2.93) used to derive the cohesive strength under equibiaxial deformation is approximate,
but holds to within 2% up to values of B/L = 0.2. For smaller values of B/L, the cohesive strength
increases as the state of deformation is varied from uniaxial to equibiaxial stress. As the value of
B/L increases, the state of deformation which produces the highest cohesive strength shifts away
from the equibiaxial state. A cohesive strength of ¢ = E/30 requires B/L ~ 0.06, which indicates
that the maximum value of the cohesive stress occurs for a stress ratio o11/092 ~ 0.7 when the
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model parameters are selected to produce realistic values of the cohesive strength. Finally, the
cohesive strength for this case varies less than 5% from o over the full range of deformation
states, indicating that (2.98) acts as a useful relation for fitting the VIB model to experimentally
determined material properties.

For the isotropic model in three dimensions subject to equitriaxial stretching, the components
of the 2" Piola-Kirchhoff stress are

L2Um\ [ f L2U'()\ 4
S[J:<4()> //E[EJ sin9d9d¢:<7()> —7T6[J. (299)
l L l L 3
—m 0
Using the bond density function from (2.76), the Cauchy stress is

_An Dy L§ U'(1)
300\ l

1, (2.100)

where the additional factor of the stretch A = /L in the denominator implies the peak Cauchy
stress occurs at the maximum value of U’(l) /I?, not the maximum value of U’(l) /I as was found
for the plane stress model. Using the results from (2.95), the equitriaxial cohesive strength is given
by

. 4DyLy ABm
© 30 e(Lo+2B)
The stress state ahead of a mode I crack front in three dimensions is better approximated as

equibiaxial, plane strain rather than equitriaxial; however, an analytical estimate for the cohesive
stress is not available for this case.

o (2.101)

2.2.4 J-integral estimate of fracture energy

As demonstrated in the previous section, the onset of fracture predicted by the VIB model is not
determined solely by the choice of bond potential, but also depends on the state of deformation
in the localization zone. Similarly, the work to fracture cannot be determined by considering the
bond potential alone. We can study the relationship between the parameters of the bond potential,
the crack tip loading, and the fracture energy by making use of the J-integral[79, 26]. The results
derived in this section also provide an approximate relationship to fit the VIB model parameters
to experimentally determined fracture properties.
The finite elasticity form of the J-integral[26] expressed in the Lagrangian representation is

J = / (@1 -F'P)NdI, (2.102)
r

where I' is a contour in the undeformed configuration surrounding the crack tip as shown in Fig-
ure 2.5(a), N is the outward normal to the contour, ® is the strain energy density, P is the 1%
Piola-Kirchhoff stress (A.21), and F is the deformation gradient (A.4). The energy release rate
for crack extension is given by J;. We assume that the crack grows by material failure along a
strip of height h. In reality, the dimensions of the strip depend on the nature of the material being
considered. In general, the height h will be on the order of L, the characteristic length scale of
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Figure 2.5: J-integral contours (a) for an arbitrary path and (b) for a path sur-
rounding a zone of localization with height h.

the microstructure. For crystalline materials, this dimension would be on the atomic scale while it
could be on millimeter length scales for polymeric materials.

Because of the path independence of J, we can select a contour that lies along the upper and
lower edges of the localization zone, denoted by I't and '™ in Figure 2.5(b). The contours extend
from the crack tip at X7 = 0 to material remote from the tip as X; — oo. Along these contours,

the normal vectors are er = dy7 and N; = —do7, reducing the J-integral expression (2.102) to
e.)
Jy = _/ [(PiaFyn)* = (PoFin)~] dX;. (2.103)
0

Within a finite deformation setting, it is difficult to make general assumptions about the character
of the stress and deformation fields unless the loading is chosen to be highly symmetric. If we
restrict our analysis to mode I loading, the stress field will be symmetric about the crack plane to
give P™ = P~. Using this assumption and expressing F in terms of the displacement field, we can

rewrite Jq as
[o.¢]
e |
0

The displacement field will also be symmetric about the crack plane, which yields the relation

u = u]. Adopting the notation Aus(X;) = us — u, to represent the separation across the

localization strip, J; becomes

+ - + -
P 78 (ngIUQ ) + P12 78 (u(19X1 4 ) dX. (2.104)

Ji = / Py d(Aus), (2.105)
0

where the limits of integration have been determined by prescribing Aus(0) — oo as the material
reaches complete failure and Aus(X1 — o0) = 0 in the material far ahead of the tip.

The height of the localization strip enters the analysis when we express the separation in terms
of stretch, yielding

AUQ = ()\2 — 1) h and d (AUQ) = hd/\z. (2.106)
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With this change of variables, the expression for J; at a mode I crack tip is

o0

Ji = h/PQQ ). (2.107)
1

This result reaffirms the well known result that the appearance of localization, in the form of
crack extension for this case, introduces a length scale dependence into the observed behavior.
From the perspective of dimensional analysis, a length scale must enter the description of fracture
since the VIB model describes only the strain energy density, stress, or modulus at a point, with
units of energy per volume, while the fracture energy has units of energy per area. The fact
that the VIB model does not provide a characteristic length scale for the localization zone creates
difficulties in numerical modeling. For example, the spatial discretization in finite element modeling
introduces a length scale that is not related to the material’s intrinsic length scale, unless the
element dimensions approach the length scale of the microstructure. Even for this case, the mesh
still produces anisotropy in the fracture energy since the effective width of an element is not the
same for all orientations. Localization naturally occurs in a region of the mesh one element wide.
In the absence of an intrinsic length scale, the displacement jump produced by the opening of
fracture surfaces represents a singularity in the strain field. This description of localized modes of
deformation has been applied to the study shear bands resulting from plasticity models exhibiting
softening[3]. Unless enhancements are introduced into the finite element shape functions to capture
these sharp features in the displacement field, they will appear in the solution as sharply as can
be represented: localized deformation in the elements with the smallest characteristic dimension.
From a physical point of view, fracture along a trajectory with the smallest effective localized
width represents the path of least resistance for a crack since this requires the least amount of
energy. With the present VIB model, the characteristic element size in the fracture region must be
selected in conjunction with the VIB parameters in order to produce the desired fracture energy.
A more difficult problem to remedy is the anisotropy of the fracture energy resulting from mesh
orientation. The source of this fracture energy anisotropy is illustrated in Figure 2.6. Depending

Figure 2.6: Fracture energy anisotropy due element geometry and orientation
showing the effective height of the elements in terms of the charac-
teristic dimension h.

on the element geometry and orientation, the effective height of the localization zone changes with
the direction in which the crack propagates. Since the fracture energy is proportionate to this
height, we would expect the crack propagation direction to be influenced by the near tip mesh
arrangement. Ultimately, a length scale must be introduced into the VIB model. Otherwise, the
localized deformations must be governed with constitutive properties other than the stress-strain
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relations from the model. We have just begun investigating this latter approach of coupling cohesive
bulk models with cohesive surface models in a single complementary approach to modeling fracture.

Although the work to fracture (2.107) is an integral over the stretch normal to the crack plane,
the Py, component of the 15* Piola-Kirchhoff stress depends on the entire deformation. In order
to arrive at some relations between the constitutive model parameters and the fracture energy, we
consider the case of equibiaxial stretching (A\; = A2 = A) with the plane stress VIB model using the
potential described in Section 2.2.2. This state of deformation generates the equibiaxial Cauchy
stress given by (2.97). Noting that the stretched length is [ = A\ L and using the stress relations
given by (A.25), we can express Jj as

WDy Ld [
Jy = % /U’(l) d\. (2.108)
0 1

A change of variables produces

o 7'I'hl)0L2

> mhDy LU
0 U(l) h Dy 0 YO0
Qo

=20 _ g (2.109)

Ji o

Lo

where we have assumed the potential has the general features U(Lg) = Uy and U(l — o0) = 0, as
shown in Figure 2.3. Although the assumption of equibiaxial stretching made in deriving (2.109)
will not hold for a general case of crack extension, G* does provide some guidance in fitting bond
potential parameters with experimental measurements.

Restricting our consideration to the two-dimensional model provides the opportunity to in-
vestigate how the fracture energy changes as a function of the assumed deformation state in the
localizing zone. With deformation in the crack opening direction controlled by Ao, we can vary Ay
to see the effect of stretching the material along the crack propagation direction. The form of Jy
in (2.107) shows that the fracture energy is determined by the work done against the resistance in
the material to deformation in the X5 direction. However, the Pso stress generated in the material
is a function of the total deformation. The work done by deformation in the X; direction does not
contribute to the fracture energy explicitly, but has the effect of “weakening” the ability of bonds in
certain orientations to resist the deformation leading to fracture. During an actual fracture process,
A1 would vary according to boundary conditions and specimen geometry. In order to demonstrate
the effect of the deformation state on the fracture energy, we prescribe the stress ratio oi1/o22
or the ratio of the Green strains Fj1/Fs to remain constant during the fracture process. The
history of A1 during the fracture process for different values of these ratios is shown in Figure 2.7
for B/L = 0.05. The stress ratio is varied from o171 /022 = 0, corresponding to uniaxial stress, to
011/0922 = 1, corresponding to an equibiaxial stress state. The ratio in the strains varies over the
same range, corresponding to deformations from uniaxial stretching to equibiaxial stretching. The
figure shows that only the curves for 11 /092 = E11/F22 = 1 coincide, and then only up to the point
at which the cohesive stress is reached. We would expect this result since the material is isotropic,
so that equibiaxial stretching leads to equibiaxial stress. As the cohesive limit is exceeded, the
material in the stress-controlled calculations is allowed to relax in the X; direction rather than
continuing along a path of equibiaxial deformation. These paths, which prescribe unloading in
the material along the propagation direction, more closely resemble the material behavior during
fracture than do the strain-prescribed paths of deformation.
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Figure 2.7: The history of A\; through the fracture process as a function of increas-
ing Ao, for prescribed stress ratios o11/092 and strain ratios E11/Fag
of {0.0,0.2,0.4,0.8,0.94,1.0} for B/L = 0.05.

The fracture energy computed from (2.107) over the range of stress and strain ratios shown
in Figure 2.7 is depicted in Figure 2.8 for a range of values for B/L. For each assumed state of
deformation, the fracture energy is evaluated with an adaptive scheme which employs Richardson
extrapolation to provide an estimate of the quadrature error. The tolerance on the error was ad-
justed to yield convergence in the numerical integration to within machine precision. Figure 2.8
shows that G* from (2.109) represents a lower bound on the energy required to produce fracture
in the plane stress, isotropic VIB model. The fracture energy increases as the assumed deforma-
tion changes from equibiaxial strain to uniaxial strain. As described earlier, we would expect this
increase in the fracture energy since the effect of “weakening” in the bonds due to the X; defor-
mation is decreasing. Surprisingly, the fracture energy for prescribed uniaxial strain is identical to
the fracture energy for prescribed uniaxial stress although the histories of the total deformation for
these cases is very different. The fracture energy continues to increase as the ratio in the stresses
varies from uniaxial stress to equibiaxial stress. As an approximation to an actual fracture process,
the stress controlled states of deformation are more realistic than the strain controlled states since
they allow the material to relax perpendicular to the crack opening direction once the cohesive
stress has been attained, as shown in Figure 2.7. Therefore, we expect the plane stress, isotropic
VIB model to exhibit a fracture energy of 1.8 to 1.9 G* in numerical simulations of fracture. The
results in the figure also show that the normalized fracture energy G /G* does not vary as a function
of B/L for deformation with a prescribed ratio of Green strains. For deformation with a prescribed
ratio of Cauchy stress, the results display a decrease in G/G* as B/L increases from 0.02 to 0.20.
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Figure 2.8: Variation in fracture energy G with assumed deformation state
(E11/FE22,011/092) during fracture.

2.2.5 Failure indicators

The promise of cohesive modeling is the ability to produce fracture in numerical simulations without
requiring an imposed failure criterion. Failure occurs as a natural consequence of the cohesive
formulation, which embeds a finite strength and fracture energy in the material model. Although
we are not required to impose a failure criterion, we do need to identify a failure indicator. With
classical fracture theory, conditions for crack propagation are posed as a threshold criterion that
clearly defines the point at which failure occurs. With a cohesive view of material, failure proceeds
in a much more gradual manner. The material does not simply fail, but exhibits a complete history
of response from the undeformed state through the cohesive limit to complete failure.

In selecting a failure indicator, we choose to associate it with a threshold condition that cor-
responds to reaching the cohesive limit rather than a cut-off condition when the stresses being
sustained by the material are deemed insignificant. Hill[40] has described the loss of strong el-
lipticity of the strain energy demnsity function as an indication of the loss of stability of a solid.
The analysis is related to the eigenvalues of the acoustical tensor q(IN) (A.31). The loss of strong
ellipticity coincides with a loss of uniqueness in the solutions of the governing equation of elasto-
dynamics (A.28). The discontinuous modes of deformation that become admissible with the loss
of strong ellipticity appear across a characteristic surface, which we describe with the normal N*
in the undeformed configuration. With the loss of strong ellipticity produced by models of plas-
ticity exhibiting softening, these characteristic surfaces are associated with slip, or shear, bands.
In the present context, we associate these characteristic surfaces with highly localized bands of
deformation that become new crack faces as the material reaches complete failure.

We also study the behavior of a second failure indicator that is related more directly with the
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2 COHESIVE FORMULATIONS

cohesive strength than is the analysis of the acoustical tensor. Since the bond density functions of
the VIB model are defined with respect to the undeformed configuration, the 15* Piola-Kirchhoff
stress P is related to the force generated by the network of virtual bonds. The maximum values of
P corresponds to the largest forces that can be sustained by the bonds of the virtual microstructure.

The onset of failure indicated by these two criteria as a function of the state of deformation is
shown in Figure 2.9 for the plane stress, isotropic VIB model. The configuration of the imposed
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Figure 2.9: (a) Geometry of the loading configuration and (b) a comparison of
failure indicators for the plane stress, isotropic VIB model as a function
of the state of deformation.

deformation is shown in Figure 2.9(a). The deformation is characterized by E;/Es, the ratio of
the principal values of the Green strain, where F/y and FEs are the strains along and perpendicular
to the primary loading direction, respectively. The normal to the characteristic surface associated
with the loss of strong ellipticity is shown as N*. Figure 2.9(b) illustrates how the two criteria differ
in indicating the onset of failure as a function of the state of deformation for B/L = 0.05 using the
model interaction potential from Section 2.2.2. The stretch in the primary loading direction at the
point of failure is designated as A*. The deformation states for uniaxial stress (P = 0) and uniaxial
strain (Eo = 0) are indicated in the figure. For Es/FE; < 0.3, the loss of strong ellipticity clearly
occurs at a smaller stretch than the stretch required to reach the maximum value of P;. In this
regime, the maximum value of P; attained at A* in the figure is unreachable since homogeneous
states of deformation become unstable once the acoustical tensor is non-positive definite. As the
imposed deformation becomes more nearly equibiaxial, the critical stretches for the two criteria
converge. For Fy/FE; > 0.3, the two curves in the figure are nearly indistinguishable. For the
equibiaxial case, both criteria indicate the onset of failure at \* = B/L, the stretch for which the
bond force is maximal.

Figure 2.10 shows the orientation of the characteristic surface with normal N* as a function of
the state of deformation. The angle 0* is measured from the axis of primary loading, as indicated
in Figure 2.9(a). States of deformation corresponding to uniaxial stress and strain are indicated
in the figure. The key result of these calculations is that the characteristic surface associated
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Figure 2.10: Orientation of the localized band as a function of the state of defor-
mation.

with the loss of strong ellipticity is oriented perpendicular to the primary loading direction for
imposed deformations approaching the equibiaxial state, Fo/FE; > 0.5 in the figure. From the
asymptotic crack tip solutions of linear elasticity, we know that the state of equibiaxial stretching
resembles the deformation a material particle experiences in front of a mode I crack tip. Therefore,
it is encouraging that the direction of crack growth indicated by N* matches our expectations for
the direction of propagation of a mode I crack. Under mixed-mode conditions, classical fracture
theory requires that we postulate a crack propagation direction. Typically, one prescribes crack
propagation in the locally mode I direction, the orientation for which Kj; = 0. Alternatively, one
could select the direction corresponding to the largest hoop stress ogg surrounding the crack tip.
Since the mechanisms of material failure are not well understood, the most appropriate choice for
the direction of crack propagation is also unclear.

With the VIB model, the fracture characteristics under mixed-mode conditions are embedded in
the constitutive behavior. Once the parameters in model have been selected, no additional criteria
need to be imposed in order to reproduce a wide variety of fracture phenomena. As shown in
Figures 2.9 and 2.10, the loss of strong ellipticity appears to be an appropriate indicator of the
onset of failure. For loading with mode I character, it agrees with our expectation for failure to
initiate as the stress in the material approaches the cohesive limit and for crack propagation to
occur in the direction perpendicular to the direction of the largest stress.

43



3 APPLICATION OF MESHFREE METHODS TO MODELING FRACTURE

3 Application of meshfree methods to modeling fracture

Recently, there has been intense interest in the development of meshfree numerical simulation
methods. The advantages we see for using meshfree methods to model fracture and fragmentation
are outlined in Section 1.3. The methods used in this study have their origins in Smoothed Par-
ticle Hydrodynamics (SPH) proposed by Gingold and Monaghan[36]. A number of methods have
developed that employ variants of the Moving Least Squares fitting procedure of Lancaster and
Salkauskas[52]. These include, but are not limited to, the Diffuse Element Method of Nayroles et al.
[65], the Element Free Galerkin method of Belytschko et al. [10], the Reproducing Kernel Particle
Method of Liu and Chen[56], and the Meshless Local Petrov-Galerkin method of Atluri and Zhu[4].
A number of overviews and reviews have appeared regarding these methods[9, 59, 58, 60, 61],
though the interested reader will find no shortage of new developments.

3.1 Reproducing Kernel Particle Method (RKPM)

RKPM belongs to class of methods for which the approximation, or “image”, of a signal is given by a
kernel expression. Without loss of generality, we can consider the expression for the approximation
in one dimension

+oo
ule(z) = / bz —y) u(y) dy, (3.1)

where ¢, is alternately called a weight, kernel, or smoothing function. From the analogy to signal
processing, ¢, may be viewed as a customizable low pass filter between the original signal, or
data, u(y) and its reproduced image. This function is positive, even, and has compact support
characterized by the dilation parameter a. Liu and Chen[56] improved the accuracy of the method
by modifying the window function with a correction to yield a reproducing condition as

+0o0
uPa(z) = / Balz — 1) uy) dy, (3.2)

where the modified window function
ba(z —y) = Clz;2 — y) ¢a(z — y) (3.3)
incorporates the polynomial
Clz;z—y) = bo(x) + bi(z) (. —y) +ba(x) (x—y)* + ...+ b(z) (x —y)™ (3.4)
which ensures that the approximation can exactly represent polynomials of order m. In general,
we may express the correction function as

Clx;x—y) =b(x) -P(x—y) (3.5)

where P is a basis of polynomials that possess the desired degree of completeness and b(x) is an
vector of unknown coefficients determined from the reproducing condition (3.2). The requirement
that each member of the basis be reproduced follows from (3.2) as

+oo
P(0) = / b(x) - P(x — y) da(x — y) P(x — y) dy. (3.6)

—00
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3.1 Reproducing Kernel Particle Method (RKPM)

The vector of coefficients follows as
b(x) = M;(x) P(0), (3.7)

where
“+o0

Mu(x) = [ Plx—y) @ P(x—y) dulx ~y)dy (3.8)

—0o0

is known as the moment matrix. Using the result from (3.7), the reproducing condition (3.2) can

be written as
—+oo

uf (x) = / b(x) - P(x — y) da(x — ) uly) dy. (3.9)

—00

First and higher order gradients of the field representation follow from (3.7)—(3.9) through simple
differentiation. For clarity, we present the expressions for derivatives. We note that these derivatives
may be evaluated exactly though some early work in the meshfree field advocated approximate
expressions for these derivatives[65]. The gradient of the field may be expressed as

+oo
dulte(x) Ob(x)
Tox /U(Y)® [ % P(x—y) ¢a(x—y)+
OP(x — (3.10)
bix) X gy
g (x —
bix) P(x —y) I gy
where the gradient of the coefficient vector
Ob(x) B 1 OM,(x)
. M, " (x) I b(x) (3.11)
follows from (3.7) making use of the relation
oM. 8 [M]
v -1 alrs —1
Oz, - [Ma ]z‘r Oxy, [Ma ]sj ’ (3'12)

Higher-order gradients may be calculated by further differentiation of (3.10)—(3.12). Notably, the
expressions for the representation of the unknown field variables are general for an arbitrary number
of field and spatial dimensions, including the expressions for the first and higher order gradients of
the field.

In evaluating the representations for the field numerically, we discretize the integrals in the
previous expressions. The discrete reproducing condition follows from (3.9) as

Z

ufli(x) = 3 b(x) - P(x — x7) ¢u(x — x7) uy AV7, (3.13)
1

T
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3 APPLICATION OF MESHFREE METHODS TO MODELING FRACTURE

where NN, is the number of sampling points, or particles, under consideration, and x7, u; = u(xy),
and AV7 are the coordinates, field value, and integration weight (volume) associated with particle
I, respectively. From (3.13), we can identify the RKPM nodal shape functions as

Np
uRg(x) = Z(I)a[(x) uy, (3.14)
I=1

where

D,7(x) = b(x) - P(x — x1) ¢pa(x — x1) AV (3.15)

Unlike the shape functions derived for standard finite element methods, the RKPM shape func-
tions (3.15) do not in general possess the so-called Kronecker delta property, that is

Dar(xs) # 61 (3.16)

The lack of this property complicates the enforcement of essential boundary conditions. Further-
more, this characteristic affects the enforcement of contact constraint and the imposition of cohesive
tractions. The applications of cohesive surface formulations to meshfree methods in discussed in
Section 3.3.

3.2 Representation of cracks in a meshfree domain
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Figure 3.1: Adaptivity inherent in meshfree methods applied to resolving changes
in the contributions to the field at point x due to an advancing crack
tip using the “visibility” criterion.

With standard finite element formulations, the displacement field at any point u(x) is repre-
sented with Lagrange polynomials that interpolate the values from nodes arranged in pre-defined
sets (“elements”) with selected topologies (quadrilaterals, tetrahedra, etc.). In contrast to this
fixed construction, meshfree methods represent the displacement field at any point x as a linear
combination of contributions from an arbitrarily arranged set of nodes in the neighborhood of x,
as expressed in (3.14). This set of nodes is depicted within the region 2 in Figure 3.1(a). Prop-
agation of a crack, or any other source of a displacement field discontinuity, may be represented
by excluding from the neighborhood any regions separated from x by the line of discontinuity.
The modified neighborhood this produces is denoted as Q' in Figure 3.1(b). As the observation
point x translates around the tip, the neighborhood varies constantly due to the crack, producing a
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representation of the displacement field that is discontinuous across the crack path. This so-called
“visibility” criterion for determining the domain of influence for a particular node was developed by
Belytschko et al. [10] in conjunction with the Element-Free Galerkin (EFG) method. This method
of generating a discontinuity has been to simulate crack growth with classical approaches to frac-
ture mechanics under both dynamic and static conditions two dimensions[11, 62, 13], as well as
under dynamic conditions in three dimensions[51]. Belytschko et al. [9] describe that this construc-
tion leads to discontinuities in the shape functions of nodes whose support is only partially “cut”.
When a line of discontinuity passes entirely through the support of a node, its shape function is
continuous, though the field represented by a shape function expansion over all nodes will possess
a discontinuity. Galerkin methods are normally constructed to require no discontinuities of the
first kind; however, Krysl and Belytschko[50] have shown that these shape functions may lead to
convergent solutions. Organ et al. [68] develop methods by which these discontinuities in the nodal
shape functions can be avoided by diffracting the “line of sight” around the crack front rather than
terminating a node’s influence abruptly.

(a) (b) (c)

Figure 3.2: The evolution of an RKPM shape function with the propagation of a
line of discontinuity.

Figure 3.2 shows how a shape function is altered by the presence of an imposed line of discon-
tinuity. The changes are due to application of the simple “visibility” condition. The partially cut
shape function in Figure 3.2(b) displays some of the nonsmoothness that Organ et al. remove with
their diffraction approach. The completely cut shape function in Figure 3.2(c) demonstrates how
discontinuities in the displacement field are represented by modification of the shape functions.
The supports of cut shape functions do not extend over the line of discontinuity. Therefore, the
displacement field on either side of the cut is independent of the particles on the other. Using
this construction, we represent cracks with sets of line segments in two dimensions and surfaces
subdivided into triangular and quadrilateral facets. This representation can treat multiple, inter-
secting cracks as long as the arrangement of fracture surfaces does not isolate any field points from
coverage by the minimum number nodal support needed to calculate the shape functions.

3.3 Cohesive surfaces in a meshfree domain

Section 2.1.1 presents a general formulation of the nodal force vector and tangent stiffness matrix for
cohesive surface elements. In order to apply the formulation with a meshfree representation of the
displacement field, we need to modify our definitions of the reference and current configurations as
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well as our definition of the opening displacement. In doing so, we have investigated two approaches
to projecting the tractions across the facets of the cohesive elements onto the particles of the
meshfree domain. We prefer the approach described in Section 3.3.1. This approach is consistent
with the meshfree definition of the opening displacement and does not require introducing any
additional degrees of freedom as cohesive elements are inserted. The approach we describe in
Section 3.3.2 involves inserting pairs of particles along the fracture surface and constructing a finite
element-like representation of the deformed configuration.

3.3.1 Consistent projection of cohesive tractions

One of the principal advantages of meshfree methods is that we can readily construct a representa-
tion of the displacement field and its derivatives at any point within the meshfree domain. Using
this representation, we can transform the cohesive tractions into consistent nodal forces without
introducing additional particles, as is required by the approach outlines in Section 3.3.2. The ge-
ometry of a cohesive surface in a meshfree domain is illustrated in Figure 3.3. In order to integrate

Figure 3.3: Undeformed configuration of a cohesive surface with parameterization
X (&) and normal N in a meshfree domain showing the neighborhood
N7 a field point on the “upper” face.

the cohesive tractions, we must define a parameterization which uniquely defines the geometry
of the cohesive surface in the undeformed configuration. Section 3.2 describes how cracks in a
meshfree domain are represented by collections of cutting facets, line segments in two dimensions,
and triangular or quadrilateral surface segments in three dimensions. These cutting facets can be
introduced anywhere within the meshfree domain. The geometry of the cutting facets is defined in
the undeformed configuration.

Given the coordinates of arbitrary points within the domain, we can define a parameterization
of the cutting facet using standard finite element shape functions

v
X(¢) =) ®4F(¢) Xa, (3.17)

A=1

where N? is the number of facet points. The points defining the surface do not coincide with
particles. That is, there are no degrees of freedom associated with the points defining the geometry
of the cutting surfaces. The shape functions <I>EE in (3.17) serve only to provide a unique mapping
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from & to points lying on the surface. In Section 2.1.1, we defined the opening displacement as

A(g) =ut (&) —u (&)
= 3 @@ us— > Pa(€)un, (2.4)

AeN+ AeEN—

where the surface normal N(&) sets its sense. Within a standard finite element framework, the
opening displacement depends only on the nodes on the surface. Therefore, the projection of
tractions resulting from aa—A in (2.7) only produces forces on surface nodes. As shown in Figure 3.3,
the meshfree representation of the displacement field along the “upper” facet involves the truncated
neighborhood of all nodes whose support covers X1 (¢). The meshfree shape functions ® 4(X*(&))
n (2.4) are given by (3.15) though the subscript a, denoting the dilation parameter, has been
omitted. To use the expressions for the force vector and tangent stiffness from Section 2.1.1 with
meshfree methods, we need to modify the expression for the element mid-plane that defines the
transformation Q in (2.1) and (2.3) into and out of the local coordinates of the surface elements.

The expression for the mid-plane from (2.15) becomes

NS
x(€) = S VPO Xat 5 [ X waX@)mit Y eaX@)ua|,  (318)
A=1

AeN+ AeEN—

which combines the finite element shape functions for the parameterization of the undeformed
configuration from (3.17) with the meshfree shape functions ®4 of the displacement field along
the upper and lower facets of the element. The jacobian of the surface parameterization may be
written as

0x 0X 1 3@ 8@ 0X

AeN+

where the chain rule applied to the term involving the displacement field is needed since the meshfree
shape functions are defined in terms of the particle coordinates in the undeformed configuration.
The jacobian of the reference configuration follows from (3.17) as

N*
Z M)FE(&) . (3.20)

A=

To complete the formulation of the tangent stiffness of the consistent projection, we need to consider
the derivative of the jacobian of the surface transformation g—’g‘, needed in (2.20) for the two-

dimensional case and (2.29)—(2.31) and (2.34) for the three-dimensional case. The derivative

82@3 . 8(I)A 6XT

= , 21
Oupads;  0X, O Ok (3:21)

follows from (3.19) for A in N* and N~ for particles the upper and lower facets, respectively.
Because meshfree shape functions are used in the expression of the opening displacement (2.4)
and the mid-plane surface (3.18), the projection of cohesive tractions onto the nodes produces
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(a)

Figure 3.4: Three-dimensional calculations of the uniaxial extension of a prismatic
bar for three different particle distributions, shaded by contours of
displacement.

forces that extend some depth into the bulk. This differs from the results for cohesive surfaces in
a standard finite element setting and from the surface project for meshfree methods described in
Section 3.3.2, but is consistent with the meshfree representation of the displacement field.

To verify the formulation of cohesive surfaces in a meshfree domain, we performed a series of
fully three-dimensional calculations of uniaxial extension of a prismatic bar. The three different
particle arrangements are shown in a deformed state in Figure 3.4. For the case illustrated in
Figure 3.4 (a), the cubic domain contains 6 x 6 particles on a regular hexahedral grid of integration
cells. Figure 3.4 (b) shows the domain containing 11 x 11 particles on a regular hexahedral grid,
while Figure 3.4 (c¢) shows 1549 particles on a grid of unstructured tetrahedral integration cells. For
each case, a planar layer of quadrilateral cohesive surface elements in a regular 2 x 2 arrangement
is inserted at the mid-height. A 3 x 3 Gauss rule is used to integrate element force and stiffness.
The cohesive relation proposed by Xu and Needleman[95] (see Section 2.1.2) governs the evolution
of tractions over the surfaces. The critical opening displacement §, in the cohesive relation is
selected as ﬁ, where L is the cube dimension. The bulk behavior is modeled with an isotropic,
finite deformation constitutive model that displays a Young’s modulus E and Poisson’s ratio v = %
under infinitesimal deformations. Uniform displacements are imposed on the particles of the upper
and lower surfaces. These particles are also held fixed in the transverse directions. All other faces

of the cube are traction free.

The reaction force calculated for each case as a function of the normalized displacement %
under quasistatic deformation is shown for all three cases in Figure 3.5. The force is normalized
by the maximum force the layer of cohesive elements can sustain Ago., where Ag is the area
of the surfaces in the undeformed configuration and o. is the cohesive strength. The straight,
dashed line has slope ffz and describes the response of the cube under infinitesimal deformations.
The figure shows that all three cases display nearly the same response with a peak reaction force
determined from the parameters of the cohesive relations although the arrangement of particle with
respect to the geometry of the cohesive elements is changing. The deviation of the curves from the
extrapolation of the infinitesimal strain response is due to constrain effects from the displacement

boundary conditions at finite deformations. The results of these calculations demonstrate that
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Figure 3.5: Curves of reaction force F' versus end displacement d under uniaxial
extension for different particle distributions normalized by the cohesive
parameters o, and J,, and the modulus E and the model dimensions
L and Ag.

cohesive surfaces can be inserted at arbitrary locations within a meshfree domain without also
introducing additional degrees of freedom.

3.3.2 Surface projection of cohesive tractions

With standard finite element shape functions, the field representation along a boundary, or surface,
depends only on the nodes lying directly on that boundary. As a result, natural boundary conditions
or cohesive tractions produce only surface forces. Here we present an approach for projecting
cohesive tractions that also produces forces only at particles lying along the surface. One of the
key advantages of meshfree methods is that particles may readily be added to the domain without
requiring remeshing. We utilize this feature to line both faces of the fracture surface with particles
that we donate as Nx as shown in Figure 3.6. Collecting these particles into sets of facets, we
define a parameterization of the surface

X(&) = > 256 X4 (3.22)

AENx

using standard finite element shape functions <I>§E. In (3.22), we do not distinguish between which
particles lie on the upper and lower surface because they are coincident in the undeformed config-
uration. Essentially, we insert particles at the arbitrary points used to define the facet geometry
in Section 3.3.1. The opening displacement (2.4) is constructed as described for the consistent
projection, though the sets of particles N™ and N~ on opposite surfaces of the crack surface may
now include nodes in Nx.

With meshfree methods, the projection of cohesive tractions penetrates to particles in the bulk
because of the dependence on the meshfree shape functions in gu% given by (2.7) and in 81?#;55 given
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Figure 3.6: Undeformed configuration of a cohesive surface in a meshfree domain
with additional points inserted on the upper N)'(" and lower Ny sur-
faces to define the geometry of the surface.

by (3.21) for terms resulting from tracking the local surface transformation Q. Without rigorous
justification, we can restrict the projection to the surface nodes through the modifications of

0A; %j 51']' for A € N+, ,
Ouja | =54 0;; for A€ Ny
and by approximating the mid-plane surface as
1
x(@) =5 | D @) Xatua)+ D EE) (Xatua) | (3.23)

AEN5; A€ENy

This expression is approximate because u4 is only the contribution from particle A to the displace-

ment field u(X 4) not the displacement of particle A itself. For the cohesive surface formulation, this
mid-plane construction is only used to define jacobian of the surface parameterization g—’g needed

to compute Q. Using (3.23), we can define the consistent approximation to (3.21) as

9%z, ODEE
_ S 3.24
Oup A0 ¢ g (3:24)

The expressions (2.7") and (3.24) preserve linear momentum balance across the cohesive surfaces,
result in consistent nodal forces and stiffness, and produce forces only at surface particles. Although
this approach introduces an additional construction at the surface, it does have the advantage that
the crack surfaces become clearly defined with particles.

3.4 Adaptive insertion of cohesive surfaces

The procedure for adaptively inserting cohesive surfaces in a meshfree domain is constructed around
the moving tip template shown in Figure 3.7. Although the analysis of softening due to a network
of cohesive surfaces in Section 2.1.3 or theoretical conditions for the appearance of discontinuous
bifurcations[40, 88] may suggest an adaptive approach is needed for modeling cohesive fracture,
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3.4 Adaptive insertion of cohesive surfaces
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Figure 3.7: (a) Moving tip template used for adaptive insertion of cohesive surfaces
illustrating the crack extension increment da, the sampling radius r,
and the angular sampling increment Af and (b) application of the
template along three-dimensional crack fronts.

the implementation of a simulation procedure introduces a number of parameters not prescribed
by theory. The parameters we introduce in our moving tip model are shown in Figure 3.7 (a).
An insertion criterion is sampled at points a distance r from the tip at an angular interval of Af.
With meshfree methods, all points in the domain may equivalently be selected for evaluation of the
displacement field and its derivatives. For the hyperelastic bulk materials considered in this study,
we can readily sample the traction on prospective fracture planes or the hoop stress ggg. With
the bulk behavior predicted by the VIB model, we can probe the material for the appearance of
discontinuous bifurcation using the acoustical tensor (A.31).

Once the insertion criterion is satisfied, we insert an additional segment of fracture surface
of length da. The traction across the fracture plane is used to initialize the cohesive relation
T(A) (2.46) in order to keep the traction in time. Additionally, the shape functions of any nodes
affected by the additional fracture surface are recalculated. The sampling template is then recon-
structed at the new position of the crack front. As shown in Figure 3.7 (b), the template can be
applied in three dimensions by transforming the tip parameters into the local coordinates along
the crack front. In three dimensions, the moving crack front “paves” the fracture surface with
triangular or quadrilateral facets. Krysl and Belytschko[51] discuss a number if issues associated
with implementation of fracture surface generation in three dimensions.

Though detailed numerical examples appear in Section 4, we present two qualitative demon-
strations of the adaptive insertion procedure. In Figure 3.8 (a), a beam composed of isotropic,
hyperelastic material is subject to quasistatic, displacement-controlled, three-point bending. The
figure shows the predicted fracture path for three separate cases in which the location of the initial
pre-crack is changed. A critical, maximum hoop stress criterion determines the insertion of ad-
ditional fracture surfaces. The results demonstrate how cracks can grow in arbitrary orientations
with respect to the arrangement of nodes which are positioned at the vertices of the grid shown.
Figure 3.8 (b) presents a three-dimensional example of adaptive crack surface insertion. A cylin-
drical body (only one quarter shown) is composed of an inner core and a surrounding encapsulant.
The core undergoes a quasistatic volumetric expansion with respect to the encapsulant. The core
and part of the encapsulant are modeled using finite elements. A region modeled using RKPM is
coupled to the elements with the method proposed by Belytschko et al. [12] As the core expands,
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3 APPLICATION OF MESHFREE METHODS TO MODELING FRACTURE

the initial pre-crack in the meshfree domain grows into the arbitrary shape shown in the figure.

A

—
N ===
O ==

b RKPM encapsulant
core
(a) FE (b)

Figure 3.8: Qualitative examples of adaptive insertion showing (a) fracture in an
asymmetric, three-point bending specimen and (b) growth of a crack in
a quarter symmetry model subject to a dilatational mismatch strain.

In principle, the cohesive tractions should remove the stress singularity at the crack tip. This
regularization should eliminate problems of convergence associated with point-wise sampling of the
crack tip fields. Because the role of insertion procedure is to provide a smooth and continuous
transition between the bulk response and the cohesive surface relations, the fracture behavior
should be independent of sampling parameters introduced in the implementation. The effect of
these sampling parameters is investigated in the simulations presented in Section 4.4.
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4 Numerical examples

We present a number of simulations to demonstrate capabilities and shortcomings of the cohesive
modeling approaches. The first two examples focus on interfacial failure for which the fracture
path is known a priori or restricted to pre-defined surfaces. Under these circumstances, we focus
on verifying that the modeling approach and numerical procedures display the expected resistance
to crack extension. In the third example, we compare how reliably the different methods can
predict fracture paths under dynamic loading conditions. The final example focuses in reproducing
the behavior of cracks propagating under unstable loading conditions. Under these conditions, the
intrinsic, rate-limiting physics of crack growth emerge.

4.1 Validation of cohesive zone modeling using a double-cantilever beam

Before comparing with experimental results, one should conduct numerical studies on simple ge-
ometries to understand potential sources of error. The double-cantilever beam geometry (DCB) is
a likely candidate because the geometry is accepted by the fracture community and an analytical
solution exists. A schematic of the DCB geometry is illustrated in Figure 4.1. For the DCB geom-

|

| I

g

Figure 4.1: Schematic of the DCB geometry showing the overall beam length [,
the free length ¢, the beam height b, and the end displacement of the
midline d.

etry, we are seeking to minimize error in modeling: (i) bulk response, (ii) cohesive zone response,
and (iii) interaction between (i) and (ii). In hope of decoupling the bulk and cohesive response, the
bulk behavior is assumed to be linear elastic. Consequently, all dissipation is lumped into surface
energy. This assumption can be illustrated by expressing the increment in the total energy under
displacement-controlled loading as

U = §Ug + 6Ug (4.1)

where dUg is the increment in strain energy and dUg is the increment in surface energy. The strain
energy increment for both beams is

3Ed%Y?

e =5

5d, (4.2)

where F is Young’s modulus. The interfacial surface energy changes as
0Ug = 27 dc. (4.3)
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4 NUMERICAL EXAMPLES

Invoking the Griffith energy balance at constant end displacement,

oU
— = 4.4
5| =0 (4.4

we can write an expression for the energy release rate

3Ed*b3

[3Ed?*b3
CcC = ¢ 4 . (46)

One should note that the analytical solution does not take into account a cohesive zone. In fact,
the crack length c¢ is simply the free span of the beam. The beam modulus for all simulations is
69.0 GPa (aluminum).

Crack growth is governed by the model proposed by Xu and Needleman[95]. Section 2.1.2
outlines the model in detail. In the context of the Xu-Needleman model, ¢,, represents the normal
work of separation, omax corresponds to the cohesive strength, and §,, signifies the characteristic
length scale associated with normal separation. Referencing (4.5), one can equate ¢, to G. For
this study, ¢, is assumed to be 52.5 J/ m? and 6, is taken to be 25.4 pm. These values correspond
to a weakly bonded interface. The resulting cohesive strength is only 0.761 MPa.

G

and solve for the crack length

4.1.1 Understanding sources of numerical error

In hopes of capturing both the bulk response and cohesive zone response, four DCB meshes are used
in the analysis. Figure 4.2 illustrates meshes A through D in the undeformed state. The number

Figure 4.2: Four meshes used for the DCB peel simulations from the coarsest A
to the most refined D.

of elements varies both through the thickness, d, and along the length, I. One should note that
four-noded quadrilateral elements are employed for all simulations. Mesh A is composed of only 4
elements through the thickness and 10 elements along the length while mesh D is composed of 20

56



4.1 Validation of cohesive zone modeling using a double-cantilever beam

elements through the thickness and 80 elements along the length. The total number of elements for
meshes A, B, C, and D are 90, 220, 840, and 3492, respectively. A layer of cohesive zone elements
joins the two beams and provides a path for mode I crack propagation.

All quasistatic simulations are performed in plane stress. As indicated in Figure 4.1, symmetry
is applied on the left face and a monotonically increasing end displacement d is enforced on the
upper and lower surfaces of the beams. Because the meshes are not pre-cracked, a cohesive zone
forms at the edge and propagates inward. Figure 4.3 attempts to illustrate both the bending stresses
and cohesive tractions. Red corresponds to regions of tension and adhesion while blue corresponds
to regions of compression and de-adhesion. Notice that the cohesive zone spans multiple elements.

Given a cohesive zone, one must choose a criterion for tracking the crack tip. We define the crack

1

Figure 4.3: Contour plot of bending stresses and cohesive tractions.
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Figure 4.4: Crack length ¢ in a DCB specimen for four levels of mesh refinement
A through D compared with the analytical solution.

tip in terms of crack tip opening displacement (CTOD). The crack tip is defined to coincide with
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4 NUMERICAL EXAMPLES
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Figure 4.5: Variation in cohesive zone size [,,n as a function of the crack length
¢ for four levels of mesh refinement A through D.

0.10,,. Therefore, the cohesive zone lies in the wake of the selected crack tip. Given this criterion,
we can plot simulated crack growth. Non-dimensionalized crack growth curves are presented for all
meshes in Figure 4.4. Meshes C and D match the analytical solution. Surprisingly, this agreement
remains strong even for small crack lengths. More importantly, meshes A and B do not agree with
the analytical solution. Coarser meshes yield accelerated crack growth. We can examine the size
of the cohesive zone in each simulation to gain insight. Again, we must establish a criterion for the
tail of the cohesive zone. We define the cohesive zone to span from 0.19,, to 4.06,. If we integrate
the traction-separation law detailed in Section 2.1.2, we find that 90% of the energy is dissipated
between 0.16,, and 4.06,,. Figure 4.5 illustrates the cohesive zone size for each mesh. Although the
sampling size is limited to defined CTOD at nodal coordinates, one can clearly see the zone size is
much smaller for the finer, converged meshes. We know that the cohesive zone size is dependent
on the boundary-value-problem. If we increase the elastic modulus of the beams, we would expect
the cohesive zone to lengthen. Conversely, if we decrease the elastic modulus of the beams, the
cohesive zone would shrink. From this simple physical observation, we are inclined to conclude that
the numerical stiffness associated with coarser meshes not only accelerates crack growth, but also
lengthens the cohesive zone. This numerical stiffness can be further explored by monitoring the
reaction force and calculating the energy release rate.

4.1.2 Exploring G, the energy release rate

By monitoring the reaction force P at the applied displacement, we can determine the resistance
at a particular crack length common to all simulations. In addition, we can also use that reaction
load to calculate a more useful quantity, the mechanical energy release rate. From beam theory,
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4.1 Validation of cohesive zone modeling using a double-cantilever beam

we can relate d to P using

APc?
and substitute (4.7) into (4.5) to obtain
12P2¢?
G=—— <. (4.8)

Note that the energy release rate varies with the reaction load. Figure 4.6 makes a powerful
statement about the variation in the driving force for all simulations. The energy release rate for
the converged meshes mirrors the input work of separation, G = ¢,. However, the energy release
rate for the coarser meshes is much greater. While the upper and lower bounds are influenced by
nodal sampling, we can safely conclude that errors in the energy release rate for Mesh A and B are
300% and 50%, respectively.

4.1.3 Calculating the J-integral

While the prior section focused on mesh-related stiffness, we also need to validate the numerical
integration of the cohesive zone. Because the beams are elastic, J = G. If we examine the finest
mesh, D, we would expect to calculate the J-integral with little error. Given a cohesive zone, the
J-integral, given by (2.102), simplifies to

ou
Y 4.
J—/Fly xds (4.9)

where T}, represents the global traction distribution and u, defines the global displacement distri-
bution along the cohesive zone. Figure 4.7 concisely illustrates the components of the integrand of
J. All quantities are expressed over the length of the cohesive zone. Using this information, we
can integrate (4.9) and obtain 52.5 J/m?, ¢,,.

In addition to validating the J-integral for mesh D, we would like to quantify the number of
elements needed for integration purposes. Numerical evaluation of the J-integral is performed with
the same 1- and 2-point Gauss rules used to evaluate the weak form contributions of the cohesive
elements in the finite element code. These evaluations are performed with uniform grid sizes h. The
value of J depends on the relative alignment of the traction distribution and the integration grid.
Varying this alignment produces a bound on the error in evaluating J. This bound is shown in
Figure 4.8 as a function of A normalized by the cohesive zone size l,on.. For example, if 5 elements
are in the zone, h/l,one = 0.20. Based on Figure 4.8, one would expect to evaluate the J-integral
accurately. In fact, with a 2-point Gauss rule and 2 elements in the zone, we only expect 10% error.
We should note that in practice the error would be larger because the crack opening displacement,
uy is restricted by displacement interpolation functions. The current displacement profile is taken
from mesh D with over 11 elements in the zone.

4.1.4 Ramifications of zone size

The prior section validates mesh D, with h/l,one < 0.10. J-integral analysis concludes that fewer
elements would be required to resolve the global traction distribution. To confirm prior findings,
we propose to: (i) fix the mesh size, (ii) fix ¢,, and (iii) decrement the characteristic length scale,
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Figure 4.6: Variation in the crack driving force G as a function of crack length ¢
for four levels of mesh refinement A through D.
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Figure 4.7: Characteristic scale over which the tractions in the cohesive zone con-
tribute to the J-integral.
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4.1 Validation of cohesive zone modeling using a double-cantilever beam
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Figure 4.8: Bounds on the error in numerical integration of the J-integral as a
function of mesh size h using 1- or 2-point Gauss integration.

0n. The characteristic length scale is reduced by a factor of 2, 5, and 10. The resulting traction-
displacement curves are illustrated in Figure 4.9. Because opmax = ¢ /€0y, the cohesive strength
increases by a factor of 2, 5, and 10. Crack growth curves for the confirmation simulations are
shown in Figure 4.10.

As one would expect, the cohesive zone size scales with d,,. The number of elements in the zone
for simulations 1.09,, 0.56,, 0.2, and 0.19, is 11, 8, 4, and 3, respectively. From these findings,
we can conclude that we will match the analytical solution if we: (i) employ a converged mesh, and
(ii) keep 3 or more elements in the cohesive zone. An equally powerful conclusion is that if (i) and
(ii) are satisfied for an elastic body, ¢,, dominates crack growth.

Because we do not sample the cohesive zone size during the simulation, the burden is on the
analyst to provide ample discretization a priori. The authors wonder what numerical “symptoms”
small and even sub-element cohesive zones would exhibit. With this in mind, &, is further decre-
mented by a factor of 20, 50, and 100. Because quasistatic implicit methods do not converge, we
employ explicit dynamics time integration to complete the simulations. The applied displacement
rates approximate the quasistatic solution (400,000 time steps). Figure 4.11 illustrates that both
error and global instabilites that can result from insufficient discretization. Although the size of
the cohesive zone is difficult to track, one can safely say that for 0.16,, the zone is 2 to 3 elements,
for 0.059,, it is 1 to 2 elements, for 0.024,, it is on the order of an element, and with 0.016,, it is
sub-element. While the crack tip oscillates in the initial stages of growth for 0.024,, the case of
0.016,, exhibits oscillations throughout the simulation. We must stress that poor resolution will
yield numerical instabilites that should not be interpreted as physical instabilities.

The simulations presented for the DCB geometry attempt to delineate errors associated with
numerical stiffness and zone resolution. Stiff, coarser meshes accelerate crack growth due to arti-
ficially higher energy release rates. If the cohesive zone is not properly resolved, error and global
instabilites will result. However, if one is able to deliver (i) a converged mesh, (ii) 3 or more ele-
ments in the zone, and (iii) an accurate work of separation, one can expect to predict crack growth
reliably.
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4.2 Three-dimensional validation of crack curvature in muscovite mica

Although Section 4.1 explored possible pitfalls in employing cohesive zone models, comparison
with experimental observations is clearly needed. To simplify matters, the authors have chosen to
investigate muscovite mica, a mineral that cleaves along known, crystallographic planes. The goal
of the effort is not only to predict crack growth, but also to predict the three-dimensional curvature
of the crack front.

4.2.1 Experimental Findings

Muscovite mica, an alumina silicate, is widely used in brittle fracture and interface studies (Obreimoff[66],
Bryant[14], Bailey[5], Wan[91, 92]). Mica is composed of silica tetrahedra that are strongly bonded

in layers to aluminum cations. A layer of potassium ions weakly bonds silica-aluminum-silica layers
together. Because of its layered crystal structure, mica cleaves along the weak plane of potassium
bonds illustrated in Figure 4.12. Its cleavage properties and optical transparency make mica an
ideal brittle material for fracture studies.

In 1930, Obreimoff[66] validated the Griffith fracture criterion for brittle materials in a constant
displacement double-cantilever beam (DCB) experiment. Recently, Hill[39] investigated the mus-
covite mica system. Some of her initial studies focused on crack growth and documenting crack
front curvature near the free surface. Displacement boundary conditions were applied via a narrow
wedge. Unlike a constant load or constant moment DCB test, the wedge enforces a constant dis-
placement and yields a constant, stable crack length. The mechanical energy release rate G is only
a function of the wedge height, beam geometry, modulus, and crack length.

In Hill’s work, a crack is initiated in the specimen using a 267 pm thick blade. The specimens are
significantly thinner than the blade; thus, cleaving the mica into two, symmetric beams is difficult.
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Figure 4.10: Simulated crack growth for different critical opening displacements
0,, within the limits of mesh resolution.
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Figure 4.11: Instabilities in the simulated crack growth for different critical open-
ing displacements §,, below the limits of mesh resolution.
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Figure 4.12: Layered crystal structure of muscovite mica, showing the layer of
weakly bonded potassium (K) ions.

The cleaved mica is placed into a specimen holder and a stepper motor pushes the mica specimen
onto the blade in 1 um increments. Crack propagation is viewed with an optical microscope using
green light. Figure 4.13 clearly illustrates that the free surface causes crack tip curvature. The
region of curvature is roughly 760 um from the edge of the specimen. In this particular experiment,
the height of the upper and lower beams is 81 um and 133 um, respectively. For a more complete
description of the test procedure, please reference Hill[39].

4.2.2 Problem statement

Because experimental evidence indicates a preferential cleavage plane, one can easily separate the
bulk and interface models. The bulk is modeled as isotropic, linear elastic. The elastic modulus of
muscovite mica, 169 GPa, is taken from McNeil[64]. The Poisson’s ratio is assumed to be 1/4. The
interface model employed in this work was proposed by Xu and Needleman[95] and is described
in Section 2.1.2. Given that the bulk is elastic, the critical energy release rate in mode I, Gy,
can be equated to the work of normal separation, ¢,,. While ¢,, is an input parameter taken from
experiment, 0.82 J/ mz, the characteristic length scales of separation, J,, and d;, are assumed to be
100 nm for both normal and tangential separation.

Because the beams have different heights, the neutral axis does not coincide with the fracture
plane. Thus, the crack propagates under mixed-mode conditions. Since detailed measurements of
the cohesive behavior have not been performed, we assume that ¢ = 1 and r = 0. Future studies
should consider if Gy, is truly equal to Gpye.

As noted in the Section 4.2.1, the mica is pushed onto the wedge in 1 um increments. Because
mica is perfectly brittle, the crack length ahead of the wedge remains constant. This condition
produces a “steady-state” crack length of roughly 7mm. In order to reflect the experiment, the
beam length is 10 mm. A beam width of 2.1 mm is selected to span the experimental micrograph,
Figure 4.13. Figure 4.14 illustrates the aspect ratio of the specimen. While the boundary condi-
tions reflect the experiment, no attempt is made to enforce the wedge geometry. Rather, an end
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4.2 Three-dimensional validation of crack curvature in muscovite mica
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Figure 4.13: Crack front curvature in muscovite mica, showing the curvature in
the front at the edge of the sample

displacement is applied to the central surface of each beam. The far end of the beam is pinned
at the lower corner. Symmetry is applied along the beam width. Although the detailed shape of
the blade edge is important during initiation, our effort focuses on crack curvature during “steady
state” propagation.

Element spacing along the length is driven by the size of the cohesive zone. Defining the zone
to span from 0.19,, to 4.0d,, the simulations yield a cohesive zone of 200 um. An element size of
25 pm guarantees 8 elements in the zone for integration purposes. Because eight-noded hexahedral
elements are employed in bending, 10 elements span the thickness. Finally, spacing along the beam
width is driven by the curvature shown in Figure 4.13. In order to place at least 10 elements
within the region of curvature, the elements are 75 um wide. The deformed mesh is illustrated in
Figure 4.15. These constraints result in a mesh with 255,838 nodes and 235,200 elements.

4.2.3 Results and discussion

The high level of discretization requires that all simulations be performed in parallel using ex-
plicit dynamics time integration with loading rates selected to minimize inertial effects. Two-
dimensional simulations verify that the imposed velocities approximate the quasistatic solution.
Two-dimensional simulations also verify that the crack length is only governed by the work of
separation. The size of the zone, however, is determined by both the work of separation and the
characteristic length scales associated with separation, d,, and ;. Keeping ¢,, and ¢; constant and
varying &, and d;, one can obtain numerous zone sizes with nearly identical crack lengths. Please
reference Section 4.1 for more discussion.

We ran the model detailed in Section 5.2.2 in parallel for 200,000 time steps. The computed
displacement field can be manipulated to generate a fringe pattern. The intensity of reflected light
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4 NUMERICAL EXAMPLES

Figure 4.14: Mesh decomposed for 64 processors.

Figure 4.15: Detailed view of the DCB mesh.

varies as a function of the crack opening displacement A as

I o sin? (%) (4.10)

where A is the wavelength of green light, 550 nm. Figure 4.16 illustrates the fringes associated
with the crack front. Scale markers are placed for comparison to the experimental micrograph,
Figure 4.13. Notice that in both cases, the crack curves over approximately 760 pm. This curvature
can be attributed to a corresponding variation in the local energy release rate.

The first few fringes in both the simulation and experiment are indicative of the crack tip
opening displacement profile. Although the experimentally observed crack front is “smeared” by a
simulated cohesive zone size of 200 um, the agreement in the fringe spacing indicates the variation in
the opening profile is being reproduced fairly well. In the experimentally observed fringe patterns,
the contrast fades after approximately five fringes. This may be due to the close spacing of fringes
or an insufficient coherence length in the light source. As the distance between fringes approaches
the mesh size, spurious fringes appear in the simulated patterns due to aliasing. A smaller zone size
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4.2 Three-dimensional validation of crack curvature in muscovite mica
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Figure 4.16: Simulated fringe pattern in muscovite mica resulting from the varia-
tion in the crack opening displacement.

would clarify the crack front curvature. Smaller zone sizes can be obtained through a reduction in
0, and d;. However, as noted in Section 4.2.2, the mesh size will change accordingly. In addition,
more elements through the width will also be required to clarify crack front curvature. The needed
discretization will require models on the order of several million degrees of freedom.

A cohesive approach to fracture is validated through comparison to crack front curvature in the
muscovite mica mineral system. Experimental results clearly illustrate the region and nature of
crack front curvature. Because mica cleaves along pre-determined planes, mixed-mode fracture is
successfully modeled through a layer of cohesive zone elements. Three-dimensional finite element
simulations yield a curved crack front that compares favorably with experimental findings. More
work is needed. Future simulations should explore a reduction in the cohesive zone size and its
effect on the crack tip opening displacement profile and crack front curvature.
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4.3 Simulations of mixed-mode, dynamic crack propagation

The physics governing the propagation of cracks subject to mixed-mode loading are not well un-
derstood. Within the context of linear elastic fracture mechanics, it is often assumed that cracks
extend in the direction of the local mode I loading. Similarly, tensile failure leading to crack prop-
agation is assumed to occur along the direction perpendicular to the maximum hoop stress around
the crack tip or in the direction perpendicular to the maximum principal stretch. Other criteria
proposed for determining the fracture path include the maximum strain energy and the minimum
strain energy. All of these criteria are strictly phenomenological. The goal of cohesive modeling
approaches is to embed the essential physics of the fracture process in the constitutive behavior
thereby allowing fracture to occur as the physics dictates.

The simulations in this section compare the ability of two cohesive modeling approaches to
predict the direction of crack propagation reliably under mixed-mode loading conditions. First, we
study the convergence and mesh sensitivity displayed by the cohesive surface network approach.
The key advantage for this method is that fracture occurs without requiring that we track any
failure initiation conditions or that we change the mesh to allow cracks to propagate. All element
interfaces are bound together by cohesive tractions, and fracture occurs when the local loading
overcomes the cohesive tractions. Seeding all element boundaries with cohesive surfaces is intended
to provide a rich selection of fracture paths for growing cracks. Unfortunately, this seeding leads
to fictitious compliance of the finite element mesh. As described in Section 2.1.3, the softening
becomes less pronounced as the cohesive strength increases. Increasing the cohesive strength has
the additional effect of reducing the size of the fracture process zone. Mesh resolution of the cohesive
tractions limits how small the process zone can be. With these simulations, we attempt to find a
compromise between these conflicting requirements.

The Virtual Internal Bond (VIB) model, described in Section 2.2, also allows fracture to de-
velop without requiring that we track a failure initiation condition or change the model geometry.
Unfortunately, the lack of an intrinsic length scale in the model dictates a particular mesh size for
a given fracture energy. This shortcoming of the model implies that mesh size convergence studies
cannot be performed with the model in its present form. As described in Section 2.2.4, the lack
of an intrinsic length scale not only dictates the mesh size, but also leads to an anisotropy in the
fracture energy as a function of propagation direction. This anisotropy in the fracture energy is not
as severe as that produced by the cohesive surface network approach, where the limited number of
propagation directions provided by the mesh imply infinite fracture energies for growth in all other
orientations. We use the VIB model with meshfree methods in order to reduce the tendency for
cracks to propagate along mesh lines. With meshfree methods, the nodal support size replaces the
mesh dimension as the fictitious length scale selected by the localized mode.

Unfortunately, the current implementation of adaptively inserted cohesive surfaces in a meshfree
domain is not sufficiently developed to handle the dynamic propagation conditions produced in these
simulations. The adaptive approach would have allowed us to study which of the failure initiation
conditions mentioned above produce the most physically realistic fracture paths. Additionally, the
adaptive approach could be used with the VIB model which provides a failure initiation condition
derived from the acoustical tensor, as described in Section 2.2.5.
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4.3 Simulations of mixed-mode, dynamic crack propagation

4.3.1 The Kalthoff-Winkler experiments

In the experiments of Kalthoff and Winkler[43], specimens of maraging steel type 18Ni900 are
subject to impact loading and, under a range of impact velocities, fail in brittle mode through
the propagation of a crack branching at approximately 70° to the pre-cracks. The focus of the
experimental study is to characterize the transition from failure due to brittle fracture to failure
by the propagation of an adiabatic shear band. In this study, we only attempt to reproduce the
results of the brittle failure mode. The specimen geometry used in the experiments is shown in
Figure 4.17.

10 cm

ay =15 cm /, 10 cm
{70°

Figure 4.17: Geometry of the Kalthoff-Winkler[43] experiments (only upper-half
shown).

Belytschko and Tabbara[13] model these experiments using concepts from linear elastic fracture
mechanics with adaptive propagation of crack surfaces in a meshfree setting. In their simulations,
extension is assumed to occur perpendicular to the direction of the maximum hoop stress around
the crack tip. The hoop stress is calculated using asymptotic solutions for a crack propagating
at a constant velocity. The crack velocity is assumed to be 0.15cs, where ¢ is the shear wave
speed. Crack branching is not considered. These assumptions have a significant effect on the
outcome of these simulations because the crack behavior is strongly influenced by the arrival of
elastic wave reflections from the specimen boundaries. The promise of cohesive modeling is that
aspects of the crack tip behavior such as the propagation speed and direction become outputs from
rather than inputs to the simulations. The loading configuration at the tip of the pre-cracks in
this test is particularly challenging to model because it produces severe shearing. Unlike a mode
I configuration, no clear fracture path is provided by the symmetry of the loading. Furthermore,
response of the cohesive surface network under compression and shear have a strong effect on the
results due to the mixed-mode nature of the loading.

4.3.2 Problem statement

We investigate the capabilities of cohesive approaches to model these experiments with three sets of
calculations. In the first set, we study the effect of the mesh design on the fracture path predicted
using the cohesive surface network approach. The assumption of the network approach is that given
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a sufficient number of fracture paths to sample, a crack will on average find the same path through
different meshes. In the second set of calculations, we investigate the effects of varying the process
zone dimension with respect to the element size. In other words, the first set of simulations study
convergence of the fracture path as a function of the mesh design while the second set effectively
study convergence as a function of mesh size. The final calculations assess sensitivity of the VIB
model used in conjunction with meshfree methods to the texture of the particle distribution.

For the bulk, we use a finite deformation, isotropic constitutive model proposed by Simo et al.
[84] for which the response to volumetric and deviatoric deformations is uncoupled. The hyperelastic
stress response is derived from the stored energy function

®=U(J)+ ®(b) (4.11)
U(J) = %m % (J2=1)—InJ (4.12)
3(b) = s (rb—3). (4.13)

where £ is the bulk modulus, p is the shear modulus, b = J~2/3b is the deviatoric part of the
left Cauchy-Green stretch tensor b (A.12), and J = det F (A.26). This model is used because it is
stable under severe compression. The simulations are performed in two dimensions so plane strain
conditions are imposed on the three-dimensional constitutive model. The cohesive potential (2.37)
proposed by Xu and Needleman[95] is used across all element boundaries in the cohesive network. In
Figure 4.17, a shaded rectangle near the tip of the pre-crack indicates the region seeded with cohesive
surfaces while the remainder of the domain is discretized with standard finite elements. As indicated
in Figure 4.18, the region seeded with cohesive surfaces covers a region with height x width =
7.2mm x 3.6 mm. The “mesh unit cell” is composed of a rectangular cell, subdivided by diagonals
to produce four, similar, triangular elements. Introducing the cohesive surface network into the
finite element model increased the number of nodes from approximately 136,000 to 710,000 and
additionally introduced 345,000 surface elements. We considered three rectangular unit cells with
aspect ratios of }Jfll(ﬁl}f = {%, 1, %} The dimension of the elements for each case is also shown in
the lower portion of Figure 4.18. The characteristic element dimension in the region the crack
propagates is approximately 50 ym, or on the order of 2000 times smaller than the overall model
dimensions. For the study of convergence as a function of mesh resolution, a single mesh is used
with a cross-cut square unit cell with dimension 50 gm. For these simulations, the uniformly meshed
region through which the crack propagates is slightly larger than in the first case with dimensions
height x width = 9mm x 16 mm. We use two background integration grids for the simulations using
the VIB model with meshfree methods. Both grids make use of 50 um rectangular cells although the
cells in one grid are subdivided into four triangles to produce a different texture with approximately
the same characteristic particle spacing. We locate a particle at every vertex of the grid. The cells
also serve to define the location of Gauss integration points. The RKPM formulation described in
Section 3.1 is used to compute the nodal shape functions. In all cases, the overall model dimensions
are the same as the dimensions of the specimens used in the experiments.

To represent the properties of 18Ni900 steel, we select a Young’s modulus of £ = 190 GPa,
Poisson’s ratio of v = 0.3, and a fracture toughness of K;. = 68 MPa/m from which we find a
fracture energy of ¢ = 22.2kJ/m?. These parameters yield a characteristic opening 6, for the
cohesive surface relation from (2.56) of approximately 1.3 pm, assuming F/o. = 10. The impact
with the projectile is approximated by prescribing a uniform velocity of 15m/s along the edge of
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the sample hit by the projectile. A symmetry boundary condition is prescribed along the centerline
of the specimen, and all other faces are traction free. The equations of motion (A.28) are integrated
in time using an explicit, central difference scheme from the classical Newmark family of methods.

4.3.3 Results and discussion

The fracture path for three aspect ratios of the “mesh unit cell” are shown in Figure 4.18. The
window of observation of these results is indicated in Figure 4.17 with a shaded rectangle near the
tip of the initial pre-cracks. The simulations differ only in the layout of the mesh in the near tip
region. Some common features in the fracture path are qualitatively reproduced. The appearance of
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Figure 4.18: Simulations of the Kalthoff-Winkler experiment with different mesh
designs (all units in mm).

pronounced kinks and a branch coincides with the arrival at the moving tip of strong waves reflected
from the boundaries of the specimen. Most significantly, the results indicate that the fracture path
is highly sensitivity to mesh texture, or alignment. In particular, the cracks propagated almost
exclusively on the inclined facets of the mesh, avoiding the 0° and 90° facets.

For the cohesive network geometries shown, we propose two explanations for this behavior.
First, we note that the cohesive zone condition (2.60) is not satisfied with the selected parameters,
meaning that the surfaces act not like a network of continuum cohesive cracks but more like a
network of individual, nonlinear springs analogous to the semi-empirical potentials used in molecular
dynamics simulations. However, the springs are not all identical. The force acting between element
edges scales with the area of each edge. With this view, we would expect fracture to proceed along
weak paths through the medium. Indeed, the inclined facets for the geometries considered have
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smaller areas than either the 0° and 90° facets. A second explanation does not require violation
of the cohesive zone condition. In their study of fracture in orthotropic solids, Gao and Chiu[33]
concluded that cracks will tend to propagate perpendicular to the “soft” direction in a material in
order to maximize the energy release rate. This explanation suggests cracks will favor propagation
perpendicular to the direction in the mesh with the smallest surface spacing. For the cross-cut
mesh geometries considered in this study, the spacing of surfaces along inclined planes is always
the smallest.

The results in Figure 4.19 show the effect of relative scaling between the fracture process zone
and the mesh size. For these simulations, we use a single mesh, but scale the size of the fracture
process zone by varying the cohesive strength o. while keeping the fracture energy ¢ fixed. Since
the bulk material is strictly hyperelastic and the size of the cohesive zone remains small compared
with the relevant features of the model geometry, we would not expect the fracture path to depend
strongly on the peak stresses near the crack tip or the size of the fracture process zone. Figures 4.19
(a)—(c) correspond to selecting E/o. = {30,15,10}, respectively. The continuum elements are
colored with contours of the o117 component of the Cauchy stress. The times shown in the figure
are in us elapsed since the start of impact. Generally, we notice several features in the fracture
paths. First, the fracture paths vary markedly as a function relative size of the fracture process
zone. Second, the onset of propagation is delayed as the fracture process zone shrinks, or as o,
increases. Finally, we can again associate pronounced changes in the fracture path with the arrival
of waves reflected from the boundaries of the specimen although this observation is not obvious
from the limited number of snapshots presented for each case.

The analysis from Section 2.1.3 indicates that even with E/o. = 30, the parameters for these
simulations do not satisfy the cohesive zone condition; however, Figure 4.19 (a) shows clear indica-
tions that a considerable modulus mismatch exists between the region initialized with the cohesive
surface network and the regularly meshed region surrounding it. Further increasing E/o. would
produce even greater distortion of the elastic properties. The distortion in the modulus is so se-
vere that the loading at the moving tip for this case may not be comparable with the others. For
E/o. = 15, the mismatch is less pronounced though still visible. Comparing these two cases, we see
that the crack finds a smoother path when the mesh size is reduced relative to the fracture process
zone. For E/o. = 10, the onset of crack growth is delayed compared to the other cases. When the
crack does extend, it grows a short distance but then becomes trapped from approximately 27 us
to 41 us before extending again.

Figures 4.20 and 4.21 show the results of the simulations using the VIB model with RKPM.
From the snapshots, we can see that the onset of growth and the crack velocity are in qualitative
agreement with the results produced with the cohesive surface network. The experiment results did
not include resolution of the crack growth over time. Unlike the results with the cohesive surface
network, the fracture path predicted with the VIB model shows almost no effect from the interaction
of the moving crack tip with waves reflected from the model boundaries. Comparing Figures 4.20
and 4.21, we see that changing the texture of the particle distribution does affect the fracture path.
The crack grows at an average angle of approximately 63° and 79° for the two cases, respectively.
The grid schematic shown in (c) for each figure shows that the angles chosen by the growing cracks
do coincide with texture lines through the particle arrangements. However, the path does require
the cracks to meander between particles to achieve the resulting propagation paths. We have not
quantified the fracture energy anisotropy for propagation at different orientations through the grids
used. The fracture path predicted by the VIB model will only be truly insensitive to texture with
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Figure 4.19: Fracture paths predicted using the cohesive surface network approach
with F/o. = 30 (a), 15 (b), and 10 (c), shown with contours of o1;.
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Figure 4.20: Results for the Kalthoff-Winkler simulations using VIB model with
meshfree methods, on an integration grid with the texture illustrated
in (¢), showing the fracture path and contours of ;.
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D

Figure 4.21: Results for the Kalthoff-Winkler simulations using VIB model with
meshfree methods, on an integration grid with the texture illustrated
in (¢), showing the fracture path and contours of ;.
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the addition of regularization for the localized mode.
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4.4 Simulations of crack tip instabilities and branching

Cracks propagating at high speeds in brittle materials display behavior that the fracture commu-
nity has yet to find consensus in explaining. Much of the current debate involves the factors that
determine the terminal velocity of cracks and the cause of roughened fracture path produced under
fast fracture. The experimental methods used to study dynamic fracture, some key experimental
observations, as well as a review of a number of models that attempt to explain the observed phe-
nomena are reviewed by Ravi-Chandar[74]. The theoretical limiting speed for cracks propagating
under mode I loading is the Rayleigh surface wave speed cr. However, experimental studies of
cracks propagating through brittle materials typically find terminal crack speeds of approximately
cr/2, while instabilities have been observed for crack speeds as low as cg/3. Detailed experiments
of dynamic crack propagation through the brittle polymer Homalite-100 appear in the studies of
Ravi-Chandar and Knauss[75, 76, 77, 78]. They observe the well-known “mirror-mist-hackle” ap-
pearance of the fracture surface. An image from their study[76] showing the fracture surface is
reproduced in Figure 4.22.

propagation direction

|<— mirror —>|<— mist —>|<7 hackle —>|

branch

Figure 4.22: “Mirror-mist-hackle” appearance of a fracture surface observed by
Ravi-Chandar and Knauss[75, 76, 77, 78].

The direction of crack propagation is from left to right in the figure. The image shows that
the crack surface becomes progressively rougher as the crack extends and the crack speed gets
correspondingly higher. By the method of caustics, they are able to observe distinctly different
behavior in the propagating crack front that helps explain the appearance of the fracture surface.
In the initial stages of growth, the crack extends by the propagation of a single, curved front, similar
to what is observed under quasistatic conditions. The fracture surface appears essentially smooth,
leading to its description as the “mirror” zone. As growth progresses, the crack front appears to
extend by the action of multiple, smaller crack fronts. The opaque appearance of the crack surface
due to fine-scale roughness leads to its description as the “mist” zone. In the “hackle” zone, the
scale of the multiple crack fronts increases, leading to a larger degree of fracture surface roughening.

4.4.1 Theoretical analysis of branching

The emergence of crack tip instabilities under dynamic conditions was first predicted analytically
in a study by Yoffe[97]. Her analysis predicts branching at 60° when the propagation speed reaches
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approximately 0.6 cgr. Though the result is significant in demonstrating the onset of fracture path
instabilities, neither the crack speed nor the branching angle agrees well with experimental observa-
tions. Branching angles typically fall between 10° and 45°, while instabilities appear at speeds well
below Yoffe’s predicted value. In particular, Fineberg et al. [27, 28] make detailed measurements of
crack propagation in PMMA, showing the onset of oscillatory behavior in the crack tip at speeds
of roughly cr/3. Classical theories are unable to explain the development of crack tip instabilities
at these speeds. Gao[31, 32] suggests that the hyperelastic nature of crack tip deformation may
be essential for understanding dynamic crack tip instabilities. Elastic softening due to hyperelastic
stretching can drastically change the way acoustic waves propagate in a solid. The variation in the
elastic properties with deformation referred to in this setting should not be associated with mod-
els of continuum damage. Damage models attempt to incorporate the effects of microstructural
evolution in the behavior of a material, such as microcrack distributions[42] or the nucleation and
coalescence of voids[38]. The elastic softening under consideration in the present context is an effect
of the continuously varying stiffness of a nonlinear cohesive interaction. To illustrate this point, let
us consider how a long wavelength signal propagates along an atomic chain stretched toward its
cohesive limit. Before the chain is stretched, it behaves like an elastic bar along which a longitudinal
wave can be transmitted with a speed of \/E/p, where E denotes the initial stiffness (Young’s mod-
ulus) and p the density of the chain. As the chain is stretched near its cohesive (fracture) limit, the
tangent stiffness vanishes while a finite tension builds with a magnitude approaching the cohesive
stress Tmax- At the cohesive point, the chain behaves like an elastic string along which a transverse
wave can be transmitted with a speed of \/Tiax/p. Note that the cohesive-state wave speed de-
pends on the magnitude of the stress rather than the slope of the stress-strain curve. During this
hyperelastic deformation, the slope of the force-displacement (or stress-strain) curve continuously
decreases from its initial value corresponding to the elastic stiffness of the chain, and ultimately
vanishes at the cohesive limit. Clearly, a linear theory assuming constant stiffness cannot be used
to investigate the behavior of the chain near its failure point.

Generalizing the above concept, Gao[31, 32] shows that a homogeneous, isotropic, hyperelastic
solid exhibits this string-like behavior near its plane strain equibiaxial cohesive stress in that the
cohesive-state wave speed is equal to \/0max/p, Where o ax is the cohesive stress and p is the density
of the undeformed solid. The state of plane strain equibiaxial stress resembles the condition that
a material particle experiences in front of a mode I crack tip. This observation comes directly
from Irwin’s[41] classic crack tip fields. This cohesive state is identified as the bottleneck state[31]
for transmission of fracture signals ahead of a mode I crack tip. The crack propagation velocity is
limited by how fast elastic waves can transport strain energy ahead of the crack to sustain the bond
breaking processes in the fracture process zone. From this point of view, the cohesive-state wave
speed leads to the concept of local limiting fracture speed[31] which has provided an explanation
for the “mirror-mist-hackle” instabilities. Assuming values of omax = E/30 and a Poisson’s ratio
of v = 1/4, the cohesive state wave speed is roughly 0.32 cg, which is in good agreement with
Fineberg’s measurements. Gao’s[30] wavy crack model presents a multiscale view of a dynamic
crack in which the global, or apparent, crack speed is driven near cr/2 to maximize the fracture
energy absorbed by the advancing crack, while the microscopic tip speed may be significantly higher
in response to local crack driving forces. A multiscale view may also be helpful in understanding the
“mirror-mist-hackle” instabilities as the crack path begins to deviate in an attempt to circumvent
the acoustic barrier presented by elastically softened material immediately ahead of the crack.
Hyperelastic constitutive models that are capable of describing a material’s transition to fracture
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have not been available for studying these effects. As will be shown, the Virtual Internal Bond
(VIB) model displays this cohesive state behavior and should therefore be capable of reproducing
dynamic crack tip instabilities.

The atomistic simulations of Abraham et al. [2, 1] display dynamic crack instabilities reminis-
cent of the experimental results though at decidedly smaller length and time scales. The numerical
studies of Xu and Needleman[95], employing networks of cohesive surface elements, are also suc-
cessful in producing crack tip instabilities that qualitatively match the experimentally observed
behavior. In their study, the continuum elements are modeled using the Kirchhoff-St.Venant con-
stitutive relations, that do not display any softening, while the cohesive surfaces are governed by a
traction-separation potential with qualitative features similar to those discussed for the potential
in Section 2.2.2. Their observation of instabilities may also be explained with the local limiting
speed theory since the “composite” material composed of continuum elements with intervening
cohesive surfaces has the effective properties of a cohesive continuum, though with mesh dependent
anisotropic characteristics.

4.4.2 Problem statement

We approach the simulations of dynamic crack tip instabilities and branching from two perspectives.
First, we use a restricted form of the adaptive cohesive surface procedure, described in Section 3.4,
in two-dimensional simulations to verify the adaptive approach under conditions of dynamic crack
propagation. In order to demonstrate the capability of the VIB model to reproduce dynamic crack
tip instabilities, we present two-dimensional simulations using the plane stress, isotropic VIB model
and three-dimensional simulations using the VIB model in principal stretches[46]. Details of the
VIB model in principal stretches are not described in this report, but we note that expressing
the model in principal stretches greatly improves computational efficiency for three-dimensional
problems.

The geometry of the simulation models is shown in Figure 4.23. As noted in the figure, the
three-dimensional model possesses considerably more degrees of freedom although its overall di-
mensions are smaller. The two-dimensional model contains 159,175 nodes in 158,705 elements for
a total of 318,106 degrees of freedom, accounting for the nodes with prescribed kinematic bound-
ary conditions. The three-dimensional model contains 1,305,702 nodes in 1,260,000 elements for a
total of 3,865,800 degrees of freedom. The models are loaded by symmetrically prescribed velocity
boundary conditions for the nodes along the upper and lower edges of the domains. The boundary
nodes are accelerated to the prescribed velocity over a time of 0.2 us, essentially simulating an
impact load. Additional boundary conditions are prescribed to prevent rigid body motion. The
remaining surfaces are traction-free. Because the upper and lower surfaces of the model are dis-
placed uniformly, this configuration nearly approximates a steady-state propagation condition for
which extension of the crack may be viewed as a rigid body translation of the crack tip.

With these boundary conditions, a quasistatic analysis predicts that the crack instantaneously
passes through the entire length of the sample once a critical displacement of the boundaries is
reached. Unstable crack propagation also results for fracture under dead-loading, or the application
boundary forces or tractions rather than fixed displacements. The intervening propagation can
only be studied by dynamic analysis. The situation provides well-defined conditions under which
we can study the physics governing crack tip behavior. Xu and Needleman[95] studied a similar
configuration using the cohesive surface network approach. Since the network approach leads to
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Figure 4.23: Geometry and dimensions of the two- and three-dimensional simula-
tion models used to study dynamic crack tip instabilities. The size of
the three-dimensional model is shown on the two-dimensional model
with a dashed outline.
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a reduction of the modulus with increased mesh refinement, as shown in Section 2.1.3, it is not
suitable for predicting the terminal crack velocity. Xu and Needleman’s results show a systematic
decrease in the terminal velocity as the characteristic mesh size is reduced. Furthermore, the
combination of hyperelastic bulk constitutive behavior with cohesive surface interactions creates
results in a “composite” effective bulk response that the VIB model was specifically formulated to
display. However, the VIB model does not suffer from mesh-dependent elastic anisotropy.

The two-dimensional calculations with adaptive insertion of cohesive surfaces employ a total
Lagrangian formulation, allowing the meshfree RKPM shape functions to be calculated only once
and recalculated locally for the field points affected by the moving crack. Propagation is limited to
the straight ahead direction by sampling the insertion criterion at only a single position ahead of the
crack front, a point for the two-dimensional case. The configuration of the moving crack is described
in Section 3.4. In terms of the parameters illustrated in Figure 3.7, we select the crack extension
increment and sampling radius as da = r = h, where h = 0.01 mm is the particle spacing. We use
the cohesive relation T(A) given by (2.49), which displays a linear decay in the cohesive tractions
with monotonic increase of the opening displacement. The cohesive strength and initial cohesive
surface traction is o, = |To| = £//30. A critical hoop stress o, is used to determine the insertion of
cohesive surfaces. In principle, the cohesive tractions should remove the stress singularity resulting
from the geometric discontinuity at the crack tip. This regularization of the stresses around the tip
should eliminate convergence problems associated with the point-wise insertion criterion. To test
the sensitivity of the adaptive procedure to the sampling parameters arising from the numerical
implementation, we use three different values of the insertion stress Z—;f = {1, %, %} Alternatively,
we could vary the sampling distance 7 since this would also change the stresses at the sampling point.
The constitutive model used for the bulk is the finite strain, isotropic model described by (4.11)
through (4.13). Since the bulk behavior is hyperelastic, we would not expect the detailed form of
the cohesive surfaces relations to have a strong effect on the crack growth behavior as long as mesh
is sufficiently refined to capture the tractions in the fracture process zone. For the two-dimensional
calculations using the VIB model, an updated Lagrangian finite element formulation is used. The
three-dimensional calculations use RKPM in a total Lagrangian formulation. The equations of
motion(A.28) are integrated in time using an explicit, central difference scheme from the classical
Newmark family of methods. The three-dimensional calculations are performed by decomposing
the model into 50 partitions by a static, graph-based scheme to minimize communication while
balancing the computational load. The decomposed model is shown in Figure 4.24. Description of
the parallel aspects of meshfree calculations is not a focus of this report; however, we do point out
a communication issue inherent in meshfree methods. In Figure 4.24 (b), the particles are shaded
to differentiate those that are involved in calculations in more than one partition. With meshfree
methods, these communicated layers are “thicker” than those that would result from an analogous
decomposition of the model for a standard finite element method. The width of this layer depends
on the support size selected for the nodal shape functions, which is generally larger the support
size of a standard finite element shape function over the same arrangement of nodes.

The material parameters are selected to be representative of PMMA, the material used in
the experiments of Fineberg[27, 28], with E = 3.24 GPa, v constrained by Cauchy symmetry as
described in Section 2.2.1, and p = 1200 kg/m?>. These values produce dilatational and shear wave
speeds of ¢g = 1740m/s and ¢; = 1000 m/s, respectively, and a Rayleigh wave speed[29] given by

0.862 4+ 1.14v

=032 . 4.14
T 932m/s (4.14)

CR = Cs
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(b)

Figure 4.24: Decomposed model used for the three-dimensional simulations show-
ing (a) the particles colored by partition and (b) the particles shaded
to indicate those communicated across partitions.

The fracture energy is selected as 350.J/m?, and the cohesive strength is selected as F/30. A J-
integral analysis can be used to show that the fracture energy depends on mesh size with the current
form of the VIB model[45]. The given cohesive parameters dictate that elements in the central
region of height 1.0 mm have dimension of A = 9.2 ym. For the two-dimensional simulations, four-
noded quadrilateral elements, integration cells for the meshfree calculations, are used throughout
the model. The central region is meshed with a regular arrangement of square elements with
dimension 9.2 um while the elements in the outer region increase in size with distance away from
the central zone. For the simulations using adaptive insertion of cohesive surfaces, the meshfree
field in the central region of the specimen is coupled to finite elements in the upper and lower regions
using the procedure proposed by Belytschko et al. [12]. For the three-dimensional simulations, the
entire domain is discretized into a regular, structured grid of eight-noded hexahedral “bricks” with
dimension 9.2 ym, and RKPM is used for the entire domain.

A pre-crack of length 0.5 mm ensures that propagation is initially directed along the centerline
of the model, though its path is not prescribed in any way for the VIB simulations. The simulation
results show that crack growth, instabilities, and branching emerge naturally from the properties
of the VIB constitutive model. For the two-dimensional VIB simulations, the apparent length of
the crack is monitored by tracking the elements in which the acoustical tensor (A.31) is no longer
positive definite. Checking this condition requires searching all wave propagation directions to see
if there are any for which the wave speeds vanish. Since the models are constrained to prevent
rigid body translations, the crack length is taken as the greatest distance along X; between the
original crack tip position and the centroids of localized elements in the undeformed configuration.
The time step for the explicit integration scheme is selected so that Atcy/h = 1/3, where h is the
minimum element size, or characteristic particle spacing.

4.4.3 Results and discussion

The crack growth predicted by the adaptive procedure for the three different values of the insertion
stress oy, is shown in Figure 4.26. The prescribed velocity at the upper and lower boundaries is
vpce = 5.2m/s. The crack length is shown as a function of time in Figure 4.26 (a). Figure 4.26 (b)
shows the crack velocity, calculated by a finite difference approximation of the crack length, nor-
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Figure 4.25: Crack length (a) and crack velocity (b) predicted by adaptive inser-
tion of cohesive surfaces for different values of o, the stress at which
new surfaces are created.

malized by the Rayleigh wave speed cr. We denote the location of the peak tractions as the crack
tip. There are a number of noteworthy features in the results. First, except for the initial jump
in the crack length at approximately 2 us, the results for the three different cases are relatively
insensitive to the choice of oj,. We would expect some initial difference in the movement of the
crack tip because the regularizing effects of the cohesive tractions act only after the process zone
has fully formed. As the cohesive zone forms, we observe R-curve behavior, the fracture resistance
appears to increase with crack growth. Once the cohesive zone has formed, the crack tip remains
stationary until the critical energy release rate is attained. For all three cases, crack extension be-
gins in earnest after 4 us, indicating that the growth is controlled by the properties of the cohesive
relation not by artifacts introduced by the numerical implementation. The crack velocity quickly
increases to nearly cgr, the theoretical limiting speed for cracks propagating in mode I. However,
this is nearly twice the speed observed by Fineberg et al. [28] in their experiments. This result
indicates that the insertion procedure used for these calculation, though producing convergent re-
sults in agreement with theoretical predictions, fails to capture the physics governing the terminal

83



4 NUMERICAL EXAMPLES

velocity of propagating cracks. In our ongoing work, we will activate additional components of the
tip model, such as allowing for a wavy fracture path or crack branching, to determine the effects
each of these phenomena introduces.

Figure 4.26 shows the contours of 11 and o992 surrounding the crack tip 9 us after loading is
initiated. The particles are plotted in the deformed configuration. We note the growing crack is
represented by local modification of the nodal shape functions, as illustrated in Figure 3.2. No
remeshing is performed. The contours of stress show that the crack tips are trailed by oscillatory
features in the stress fields that decay quickly with distance away from the fracture surface. Inter-
estingly, the source of the disturbance, the moving crack tip, is moving at the speed these waves
propagate. Yoffe’s[97] solution for the hoop stress around a crack tip moving at a constant velocity
in a linear elastic medium indicates that peak hoop stress is not directly ahead of the tip at speeds
greater than 0.6 cg. The contours of both o11 and g92 indicate that strong stresses develop away
from the fracture plane.

Next, we present results of the two-dimensional simulations using the VIB model for three values
of the prescribed boundary velocity, vpo = {2.6,5.2,10.4} m/s. The crack length as a function of
the simulation time for all three cases is shown in Figure 4.27. The two-dimensional calculations
are performed with standard finite element methods while the three-dimensional calculations use
RKPM. The time to the initiation of crack growth decreases as the impact velocity increases,
presumably in response to the time required to generate the critical driving force at the initial
crack tip. For the impact velocities of 2.6 m/s and 5.2m/s, the figure shows that the crack moves
forward and then stops before accelerating to the terminal velocity. Based on the dimensions of the
model and the dilatational wave speed in the material, the initial loading wave reaches the crack tip
from the boundaries after roughly 1.35 us. An average terminal velocity is calculated for each case
from the slope of the crack length curves a(t) beyond the initial transient behavior. The terminal
velocity increases from 0.48 cg to 0.53 cg as the impact velocity increases from 2.6 to 10.4m/s.

Figure 4.28 shows the crack morphologies for the three cases. Each point along the fracture path
marks an element for which the acoustical tensor condition for localization is satisfied at one or more
of the element integration points. The images in the figure actually correspond to superpositions
of the fracture path history over the entire simulation time. Since the VIB model is entirely elastic
and does not incorporate any irreversibility in the fracture processes, secondary branches along
the fracture path “heal” after the leading edge of the crack has advanced far enough to unload
the material in its wake. The fracture paths indicate that the cracks initially propagate straight
ahead along the symmetry line of the domain. In each case, the first deviation from straightforward
propagation is marked by a symmetric branch at roughly 10-15° to the initial crack plane. This
first branch occurs sooner in time and at a shorter crack length as the impact velocity is increased.
The subsequent fracture path becomes more irregular as one of the two branches arrests while the
other continues to propagate. Once the symmetry of the original propagation has been disrupted,
the branches become more irregular. In both Figures 4.28(b) and (c), the branching angles become
noticeably larger as the crack advances, reaching a maximum angle of approximately 35° in (b),
and reaching almost 55° in (c).

The initial, straight ahead propagation of the crack is “mirror”-like, while the branching at later
times forms a “hackle” zone. What is not evident from the fracture paths shown in Figure 4.28
is that some indication of instability appears ahead of the crack tip significantly earlier than the
occurrence of the first branch, representing the “mist” mode of propagation. Figure 4.29 shows
the elements in which the acoustical tensor condition is met at four instants leading to the first
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4.4 Simulations of crack tip instabilities and branching

Figure 4.26: Contours of (a) 011 and (b) 92 around a crack tip traveling at nearly
the Rayleigh wave speed cgr, 9 us after loading is initiated, simulated
by adaptively inserting cohesive surfaces ahead of the tip.
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4 NUMERICAL EXAMPLES
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Figure 4.27: Apparent crack length over time for three different values of the im-
posed boundary velocity.

branch in the fracture path for the case of vgc = 5.2m/s. Initially (a), all elements displaying
localization lie along a straight path extending from the pre-crack. After 5.1 us (b), the first
evidence of localization in elements above and below the symmetry line appears. Based on the
local limiting speed theory of dynamic crack tip instabilities, the crack has reached a speed at
which the strain softened material immediately ahead of the crack is unable to maintain a sufficient
rate of energy transfer, and the crack has begun to probe alternate propagation directions. Between
5.1 and 5.9 us after impact (c), the crack continues to accelerate and the acoustical barrier ahead of
the crack tip enlarges, evolving to an extended region of “damaged” material. Since deformations
in the VIB model are strictly reversible, the material recovers as the tip moves away, leaving no
indication of this extended region in the subsequent fracture path. At some time before 6.1 us (d),
the crack tip reaches a critical state, and the first true branch appears in the crack path. The
sequence of Figures 4.29(a)—(d) bears resemblance to the “mirror-mist-hackle” progression of crack
face roughness observed in experiments. The small scale roughness in the numerical results is too
fine to be resolved with the current mesh dimensions, but the transition to larger scale roughness
is clearly displayed.

The crack length data in Figure 4.27 can be numerically differentiated in order to calculate the
apparent crack velocity as a function of time. The crack velocity, normalized by the Rayleigh wave
speed cp, for vge = 5.2m/s is shown in Figure 4.30. As is evident from the crack length data, the
crack moves forward at approximately 2.0 us after the impact occurs, arrests, and then accelerates
quickly to an average terminal velocity of approximately 0.5cg. As observed by Fineberg[28], the
crack accelerates quickly, but continuously, instead of initiating at the terminal velocity. As the
crack accelerates and rapid branching begins, the crack velocity becomes more irregular. This result
qualitatively matches the experimental measurements as well as the numerical results obtained
by Xu and Needleman[95]. Markers A-D indicate the times at which the crack is pictured in
Figures 4.31-4.34. The four points correspond to (A) initial stages of propagation in the straight-
ahead direction; (B) the point at which the small scale instabilities shown in Figure 4.29(b) appear;
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4.4 Simulations of crack tip instabilities and branching

2 mm

Figure 4.28: Fracture patterns for impact velocities of (a) vge = 2.6m/s, (b)
vpe = 5.2m/s, and (¢) vpe = 10.4m/s.
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Figure 4.29: The onset of branching for vge = 5.2m/s.

(C) the point shown in Figure 4.29(d) at which the first clear branch appears; and (D) propagation
at the terminal velocity.

Figures 4.31-4.34 show two views of the propagating crack at the four points indicated in
Figure 4.30. The upper plot (a) in each figure shows the distribution of the instantaneous shear
wave speed c¢s for a wave traveling in the X-direction. The contours are normalized by the shear
wave speed in the undeformed material (c,),. These figures are intended to show how the highly
deformed material undergoing fracture is affecting the transfer of crack driving energy to the region
ahead of the tip. The shear wave speed also provides a clear indicator of the growing crack. The
fracture path is more difficult to identify in the stress plots since elements are not removed from
the simulation after the cohesive stress is reached. Stresses, though small, remain continuous across
the crack faces, making the crack path difficult to locate. The lower plots (b) show the distribution
of the crack opening stress o992, normalized by the cohesive stress o.. These plots show how the
structure of the crack tip stress fields change as the crack propagates through the specimen.
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Figure 4.30: Apparent crack velocity a over time for an impact speed of vgo =
5.2m/s with markers A-D indicating the times at which the crack is
pictured in Figures 4.31-4.34.

Figure 4.31 shows the crack 4.6 us after impact as it accelerates from the arrested state to a
speed of approximately 0.3cgr. In Fineberg’s [28] results, the crack begins to display oscillatory
behavior at this speed. Neither the shear wave speed distribution (a) nor the distribution of o9 (b)
shows any signs of crack tip instability. The stress field, with a strong stress concentration marking
the current tip position, displays the expected shape similar to the classical tip fields of Irwin[41].
Figure 4.32 shows the crack at 5.1 us after impact, the time at which the acoustic barrier shown in
Figure 4.29(b) has just started to form. The initial shape of a growing deformation-softened region
is evident at the tip of the crack. The crack speed at this instant hovers around 0.4 cz. Both the
shear wave speed and the stress distribution display waves being emitted from the tip region in a
manner that is not present in Figure 4.31. The stress fields do not display the stress oscillations seen
in Figure 4.26 for the crack traveling at near cy. Figure 4.33 shows the crack tip shortly after the
initial branch in the fracture path. Both plots in the figure still display a high degree of symmetry.
Elastic waves in the wake of the moving tip are even more evident. In the stress plot, the two tips
are so close to each other that the combined stress field has a shape which resembles the field of
a single tip, though the extent of the highly stressed material is much larger. Clearly, the crack
tips are interacting so strongly that crack propagation criteria relying on classic K-field analyses
are inapplicable. The final plots in Figure 4.34 show the crack in a late stage of the simulation.
Several branches are clearly visible. Both plots display a degree of chaotic behavior as each tip
individually seeks a fast fracture path. The highly stressed region ahead of the multiple crack tips
extends over a tremendous area, and no resemblance to the classical crack tip fields remains.

In three dimensions, a standard finite element procedure proved insufficiently stable to simulate
large scale branching[47]. The calculations failed due to tangling of the mesh around the moving
crack front. Figure 4.35 shows the development of crack branching predicted using the VIB model
with RKPM. Fracture is identified by probing the eigenvalues of the acoustical tensor (A.31), which
are related to the wave propagation speeds in the material. In the figure, the surface indicates where
the minimum shear wave speed has dropped to half of the value for the material in its reference state.
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Figure 4.31: 4.6 us after impact: (a) the distribution of the instantaneous shear
wave speed normalized by the initial shear wave speed (c;), of a wave
propagating in the X;-direction and (b) the distribution of the oag
component normalized by the cohesive stress o., both shown over the
deformed domain.
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Figure 4.32: Contours of (a) the acoustical shear wave speed and (b) the opening
stress 5.1 us after impact.



4.4 Simulations of crack tip instabilities and branching

Figure 4.33: Contours of (a) the acoustical shear wave speed and (b) the opening
stress 6.2 us after impact.
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4 NUMERICAL EXAMPLES

Figure 4.34: Contours of (a) the acoustical shear wave speed and (b) the opening
stress 8.3 us after impact.
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4.4 Simulations of crack tip instabilities and branching

Figure 4.35: Simulations of crack branching in three dimensions.
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4 NUMERICAL EXAMPLES

The surface is shaded through the thickness to provide contrast for the complicated morphology
that forms. Similar to the results for the two-dimensional calculations, Figure 4.35 (a) shows a
pronounced region of “slow” material ahead of the propagating crack. Finite element calculations
of the same conditions failed shortly after the crack reached this state. The regions of the crack
front approaching the free surfaces trail behind the region of the crack front nearer the center of the
domain. The first branches initiate an the free surfaces and propagate inward. Figures (b)—(d) show
that further branching develops through the course of the simulation. Although the geometry and
boundary conditions possess a degree of planar symmetry, the fracture patterns are clearly three-
dimensional. Aside from selecting the material parameters and imposing the boundary conditions,
the fracture patterns in Figure 4.35 are not prescribed in any way.
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5 Summary

The promise of cohesive modeling is the simulation of generalized fracture without presumed frac-
ture criteria. However, significant progress is still required in order to develop fracture simulation
procedures based on this cohesive view. We limited this study to consideration of brittle fracture in
an effort to isolate general issues associated with cohesive formulations and numerical procedures
from the materials science issues associated with developing cohesive relations that capture the
effect of specific dissipation mechanisms. Even in the idealized forms used in this study, cohesive
relations for both bulk and surface models exhibit a finite strength and a finite work to fracture.

We have discussed a number of issues associated with modeling fracture using cohesive methods.
First, we have presented a formulation for cohesive surfaces as a method for physically separating
the evolution of fracture processes from the response of the bulk material. We have considered two
methods for applying the cohesive surface approach. Following the work of Xu and Needleman[95],
we studied the capabilities of the cohesive surface network approach. We have also taken advantage
of the inherent adaptivity of meshfree methods to develop a procedure of adaptively inserting
cohesive surfaces at arbitrary locations within a meshfree domain. Alternatively, we could have
considered adaptive insertion of cohesive surfaces within a finite element setting, as in the work of
Ortiz et al. [15, 71, 81] We have chosen not to investigate this approach because of the complications
associated with adaptively modifying the mesh to account for new fracture surfaces. Also, the
direct link between the fracture path and the finite element mesh clouds the distinction between
crack behavior and artifacts arising due to restriction of the fracture path to element boundaries.
In contrast to the surface approaches, the Virtual Internal Bond (VIB) model embeds cohesive
behavior in the bulk constitutive response. The present form of the model lacks an intrinsic length
scale. Despite this shortcoming, it still proves to be useful for studying generalized fracture. The
model stands alone in providing a means to study the effects of nonlinear elastic response in the
near tip region. With the addition of regularization through the incorporation of a theory of strain
gradient elasticity, the model will provide a means for studying nonlocal effects in fracture processes.

We have considered a number of cohesive approaches because no approach has proved itself best-
suited for all applications. Even with further development, we expect that the most appropriate
method for modeling fracture in a particular case will depend on factors like expectations of the
fracture path, the size of the structure and its relation to the size of the cracks that form, the rate
of loading, and the stability of the cracks during growth. Unless the structures are small compared
with the dimensions of the fracture process zone, cohesive surface approaches are the natural choice
for modeling failure of interfaces or other cases in which the fracture path is known a priori. These
cases would include modeling of intergranular fracture in polycrystalline materials. For these cases,
the compliance introduced by inserting cohesive surfaces in the initial geometry is less significant
and is not linked to refinement of the bulk mesh. Our three-dimensional study of fracture in a
slender double-cantilever beam specimen demonstrates the capability of cohesive approaches to
respond to local changes in the energy release rate along the crack front “automatically”, requiring
only that the cohesive tractions are well resolved by the size of the surface elements in the fracture
process zone.

As the fracture path becomes less certain, so does the choice of the most appropriate modeling
method. In this study, we have demonstrated that artifacts of the mesh size and texture inevitably
effect the results of calculations using a network of cohesive surfaces. The mesh dependence is
pathological. Furthermore, we could not determine values of the fracture parameters and mesh
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size that adequately balanced the requirements of mesh resolution and minimal distortion of elastic
properties. Adaptively inserting cohesive surfaces eliminates the pathological mesh dependence,
but our studies of dynamic fracture indicate that simply activating new cohesive surfaces does not
capture the physics governing the behavior of unstable crack growth. Our adaptive crack tip model
allows introduction of wavy fracture paths and crack branching, but the conditions leading to these
phenomena would need to be set by assumption. Additional scrutiny of “activation criteria” is
required in order to assess their physically-based origins and to understand more completely the
implications of these modeling assumptions.

With the additional of a regularization term, the VIB model would be appropriate for a wide
range of simulations of generalized fracture in brittle materials, although the computational cost of
the strain gradient dependence may be restrictive. Our ongoing developments include investigation
of this regularization. We have demonstrated the capabilities of the model for predicting the onset
of fracture path instabilities and branching. Due to the lack of an intrinsic length scale, we have
not attempted to compare the characteristic scale of fracture surface features with those seen in
experiments. We consider that a regularized, higher-order gradient or nonlocal bulk constitutive
model will be the most appropriate choice in cases for which the scale of the fracture process
zone approaches the size of other relevant length scales in the geometry or resulting from the
application of boundary conditions. These cases would include fracture in MEM’s or other small
scale structures, or in cases of dynamic propagation where the highly deformed near tip zone may
itself be determining the scale and evolution of processes governing the fracture behavior.
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6 Continuing developments

In this study, we consider only brittle fracture. Within this scope, a number of developments would
provide more insight into the phenomena governing crack propagation under static and dynamic
conditions. Further study with additional capabilities of the crack tip model used for adaptive
insertion of cohesive surfaces would provide more understanding of the phenomena governing the
propagation of cracks under mixed-mode loading conditions. We have presented a number of
criteria for initiating the failure mode. These include a critical hoop stress, a critical traction, and
conditions for the emergence of discontinuous bifurcations for cases in which the bulk response
exhibits “softening”. We have not compared in detail which of these conditions predicts fracture
paths that match experimental observations for specific materials. Under dynamic conditions, the
adaptive crack tip model could also reveal the driving forces behind the development of wavy
fracture paths, crack branching, and the terminal velocity of cracks propagating under unstable
loading conditions.

Formulation of an intrinsic length scale for the Virtual Internal Bond (VIB) model has already
been initiated by Gao et al. [35] The regularized model will provide a method to study the contrast
between the cohesive surface approximation of fracture with a “cohesive volume” approach. We
expect differences to become significant in small scale structures where the fracture process zone
and structure size are comparable. This situation applies not only to fracture in MEM’s devices,
but also to layered, thin firm structures where film thicknesses have already entered the sub-micron
regime. The tips of dynamically propagating cracks may be another situation in which the cohesive
surface approximation may simply not be capable of reproducing the fracture path instabilities and
branching behavior seen in experiments.

For application to more general material systems, additional dissipation mechanisms must be
incorporated in the cohesive models. In moving away from a point-singularity model of the crack
tip, cohesive models for brittle materials introduce just a single additional parameter, the cohesive
strength, a quantity that has not been well-characterized by experimental measurements. Consid-
eration of additional sources of dissipation, such as plasticity, that display a dependence on the level
and character of the stress field provide more rigorous tests of the values selected for this parame-
ter. Tvergaard and Hutchinson[89, 90] have studied the interaction of cohesive surface models and
plasticity in the bulk. In reality, the dissipation mechanisms are not so clearly separated, and the
distinction between plasticity that is considered to be inside and outside of the fracture process zone
becomes difficult to establish. Validation of the modeling approach requires comparison against a
number of tests with varied loading conditions and specimen geometries. With cohesive modeling,
a characteristic length scale also emerges. Rahul-Kumar et al. [73] have demonstrated that this
characteristic length scale interacts with the size scale of the viscous dissipation zone during frac-
ture of viscoelastic materials. As seen with plasticity, interaction of a cohesive zone characteristic
with the dissipation mechanisms of the surrounding material provides more rigorous tests for the
modeling procedure. However, clear distinctions between the sources of viscous dissipation either
inside or outside of the cohesive zone become difficult to establish.

The study is just the first step toward investigating the features of meshfree methods that
make them advantageous for performing numerical simulations of fracture. Since the physics of
fracture processes are not yet well understood, a flexible and robust simulation tool with a very
general implementation is needed in which physically-based descriptions of the fracture process
can be tested against experimental observations under both static and dynamic loading conditions.
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6 CONTINUING DEVELOPMENTS

Meshfree methods provide a large number of topics that still need further investigation. A list of
selected topics that focus directly on simulation of fracture-like behavior are described below:

(1)

Adaptive propagation of cohesive surfaces in a meshfree domain. One advantage
of meshfree approaches is inherent adaptivity of geometry. Displacement discontinuities can
be inserted at virtually any location and orientation within the domain. The study extended
the usefulness of this characteristic by allowing tractions to be generated across the faces of
the discontinuity in order to represent cohesive cracks. Further work is needed to make the
implementation of these ideas more robust and general in order to handle multiple, interesting
crack surfaces of arbitrary geometry. Implementation of this adaptivity for parallel execution
also needs further development.

Nodal integration schemes. Integration of the weak statement of the governing equations
is performed in the most straightforward manner using numerical integration schemes devel-
oped for finite element methods. The resulting implementation may be called “semi-meshfree”
because a background integration grid is required although the nodal shape functions depend
only on the nodal positions. In order to be “truly meshfree”, integration schemes based only
on the nodal positions must be used. Nodal integration schemes published in the literature
have demonstrated improved performance under extremely large deformations. They should
also improve computational efficiency and reduce memory requirements, the latter improve-
ment being especially important on limited memory machines such as the CPLANT’s. Nodal
adaptivity also becomes much more flexible compared with standard, grid-based integration
methods. Finally, nodal integration schemes greatly facilitate the treatment of constitutive
models using internal stave variables (ISV). Unlike the nodal degrees of freedom, the ISV’s
typically exist only at the integration points. Therefore, evaluating the material response at
an arbitrary point in the domain would require separate interpolants for the field and ISV’s
unless the integration points and nodal points coincide.

Multi-scale methods. The formulation of the Reproducing Kernel Particle Method (RKPM)
naturally produces a multi-scale decomposition of the displacement field, that is, a decompo-
sition into coarse and fine scale displacement features. Application of this decomposition for
studying problems involving strain localization has just emerged as topic of research in the
meshfree community. At the least, this decomposition provides a means in a nodal adaptivity
scheme for identifying regions requiring higher densities of particles. Ultimately, this decom-
position could provide a way in which localized deformation becomes regularized with the
application of appropriate fine scale constitutive models in a completely “automatic” fashion.
For a fracture modeling, this implies embedding cohesive behavior within simulation without
needing to explicitly track propagating crack surfaces.

Contact and meshfree methods. Under conditions of mixed-mode loading or in situations
of fragmentation, fracture is often accompanied by contact. In principal, contact algorithms
from standard finite element methods should also be applicable to meshfree methods. In prac-
tice, the implementation of contact algorithms will have to account for significant differences
arising from a meshfree description. Key among these differences is the nonlocal character of
the nodal shape functions and their lack of the so-called Kronecker delta property. This char-
acteristic affects the imposition of essential boundary conditions and has broad implications
for the treatment of contact.
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Parallel scalability. The greater degree of overlap in the supports of the nodal shape func-
tions of meshfree methods compared with finite element methods implies increased volume of
communication for parallel execution. In order to achieve optimal scalability, communication
and calculation must be overlapped. Due to a lack of stability with the early versions of
MPI on the CPLANT’s, this strategy was not used in the current implementation. Taking full
advantage of overlap requires changing the sequence calculations. Delocalizing the commu-
nication phase also requires more careful structuring of the code to handle exceptional cases
that may arise during the calculation phase.

Mass lumping and accuracy/consistency issues for explicit dynamics. Currently,
explicit dynamic calculations with meshfree techniques make use of mass lumping methods
developed for finite element methods. These have not been proven to be optimal in terms of
accuracy or consistency.

Meshfree methods in SIERRA. Ultimately, meshfree methods will be incorporated into the
SIERRA framework. As mentioned above, a number of differences between meshfree methods

and standard finite element methods raise issues in a framework that attempts to support
both.
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A  PRELIMINARIES

A Preliminaries

In this section, we briefly introduce selected concepts from the mechanics of a continuum subject to
finite deformations. The opening section introduces measures of deformation. A section outlining
Green elastic theory. This theory serves as the basis for the Virtual Internal Bond model presented
in Section 2.2. This section also presents the relations between various stress and modulus arising
under finite deformations. The final section presents the governing equations for the initial, bound-
ary value problems that serve as the framework for numerical examples presented in Section 4.
These concept will be used throughout the discussions in this study.

A.1 Kinematics of deformation

In the hyperelastic theory of continuum mechanics[67, 63], material points in the undeformed
configuration are described by their reference (Lagrangian) coordinates X = (X1, X2, X3), while
points in the deformed body are described by spatial (Eulerian) coordinates x = (1,2, z3).
Throughout this discussion, we will make use of the convention that upper case variables refer
to quantities in their material representation, while lowercase variables refer to the corresponding
spatial representations. The motion of a point X; in the Lagrangian coordinates to a point z; in
Eulerian coordinates is described by the motion

x(X,t) = p(X, 1) (A1)

Using the motion (A.1), we can describe the deformation of a small fiber dX emanating from the
material point X. The deformed vector dx can be approximated with a Taylor expansion

dx = p(X +dX,t) — p(X, 1)

B de(X,) 1 Pe(X,1)

dX + ... | —o(X,t). (A.2)
Neglecting higher order terms in (A.2), the vector dX is mapped to its deformed configuration by
dx(X,t) = F(X,t) dX, (A.3)

where we have defined the deformation gradient F as

&pi(X, t)

Fir(X,t) = 0xX,

. (A.4)
The length of the deformed vector dx is
dz = VdX - FTF dX, (A.5)
which gives rise to the definition of the right Cauchy-Green stretch tensor
C=F'F. (A.6)

By expressing dX in terms of its length dX and direction 2, the deformed length can be written
as

dz =dXVE CE, (A7)
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A.2 Green elastic theory

where the direction 2 in two dimensions may be represented in polar coordinates as

=0)={mg} (msosw, (a8)

and in three dimensions using spherical coordinates as

sin 6 cos ¢
(0,¢) = 4 sinf sin¢ 0<f<m—-7m<¢p<m). (A.9)

cos b

[1]

From a spatial description, we can map an infinitesimal vector back to its corresponding undeformed
description by inverting (A.3) to give

dX(x,t) = F~l(x,t) dx. (A.10)

The expression for the original length of dx,

dX = Vdx - F-TF-1dx, (A.11)
gives rise to the definition of the left Cauchy-Green stretch tensor
b=FFT (A.12)
Making use of the polar decomposition of F,
F=RU=VR, (A.13)

where R is a proper orthogonal transformation, and U and V are symmetric and positive definite,
we can derive

U=CY2, Vv=b/2 and U=RTVR. (A.14)

From the relations (A.14), we can see that the stretch tensors C and b have the same eigenvalues
and that their principal directions are related by the rotation R.

A.2 Green elastic theory

The basic postulate of Green elastic materials is the existence of a strain energy density W(F)
which defines the stress and modulus at a point X as a function of the local state of deformation.
In order to satisfy the requirement for material frame indifference, we limit our discussion to strain
energy densities which are expressed as a function of the right stretch C, that is

W(F) = &(C). (A.15)

To illustrate the reason for this choice, we imagine modifying a motion given by ¢(X,¢) with an
additional rigid body motion such that the final motion is given by

ot (X, 1) = g(t) + 1(t) @(X, ). (A.16)
where g(t) represents a rigid body translation, and r(t) is a rigid body rotation satisfying r=! = rT
and det [r(t)] = 1. We may also interpret this situation as corresponding to observations of the

101



A  PRELIMINARIES

same deformation from two different material reference frames. The observation of ¢™ can be
thought of as occurring in a reference frame which is translating and rotating with respect to the
frame in which we observe ¢. In this second reference frame, the deformation gradient is

Ft =r(t)F, (A.17)

from which we can see that the right stretch is invariant with respect to the rigid body rotation r
since

ct=(FH'Fr=F'rTrF=C, (A.18)

As we would expect, the deformation is therefore observed to be the same by observers in either
frame.

From the theory of Green elastic materials, the strain energy function ®(C) defines the sym-
metric (2°9) Piola-Kirchhoff stress tensor,

0P
=2— A1l
Sty a0, (A.19)

as the work-conjugate of C. The “slope” of the S-C relationship,

0Sry 0%
—9 —4 A2
Crikr 90, 9C, 00w, (A.20)

is the material tangent modulus. Due to the distinction between the reference and current configu-
rations, stress and tangent modulus are not uniquely defined. The asymmetric, 15¢ Piola-Kirchhoff
stress tensor is defined by

ow
Py = . A21
= (A21)
P is related to S by
Py = FiIS]J. (A22)

The pair {P,F}, like {S, C}, is work-conjugate in the thermodynamic sense. The “slope” of the
P-F diagram,
0P,y

Biskr = OF,;

is the effective tangent modulus. Note that B, unlike C, does not possess minor symmetry with
respect to its indices.

= 60iSsr + CruxrFirFrk, (A.23)

The true (Cauchy) stress tensor o is uniquely determined from the traction vector
ti = TLj Ujia (A24)

that represents the force per unit deformed area exerted on a surface element with outward normal
n. The stress tensors o, S, and P are related by

Joij = PiyFjy = FirS1sF}, (A.25)

where

J = detF (A.26)
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is the Jacobian determinant of deformation. Admissible states of deformation are those for which
J > 0, meaning we do not admit deformations which “fold” the continuum over, or through, itself.
The corresponding “stiffness”

1
Cijkl = Fir Fi5 e Fir Crokr (A.27)

is the spatial tangent modulus.

A.3 Governing equations

For the simulations presented in Section 4, we solve initial boundary value problems in finite
deformation elastostatics and dynamics. In its Lagrangian representation, the governing equation
of elastodynamics at finite deformations is

9?u(X, t)

OP(X, )
oz

B(X.t) =
X TP (X,t) = po

(A.28)
where B is the body force per unit undeformed volume, pg is the density of the undeformed material.
A plane wave propagating through the continuum is described by

u(X,t) = a explik (N - X — ct)], (A.29)

where u is the displacement of a material particle, i is v/—1 in (A.29) only, k is the wave number, c is
the wave speed, and N is a vector in the propagation direction defined in the reference configuration.
Inserting the plane wave description (A.29) into the equation of motion (A.28) in the absence of
body forces yields

[a(N) — ppc*1]a=0, (A.30)

where

qik(N) = Biyrr Ny Ni (A.31)

is the acoustical tensor. Nontrivial solutions of (A.30) require that the determinant of the coefficient
matrix of a vanish, yielding the characteristic bulk wave speeds from the eigenvalues of q(IN). The
classical condition for strain localization states that the acoustical tensor q(IN) is singular for a
particular choice of N, which then defines the normal to the surface across which a discontinuity
appears. This result can be derived by admitting a deformation field containing a jump in the
velocity gradient as with acceleration waves[40, 88], or by admitting a jump in the displacement
field[3]. Though the details of the analyses differ, the result in these, and many other examples,
is the same: the loss of positive definiteness of the acoustical tensor marks the bifurcation of the
solution from a smooth field to a solution admitting discontinuous features.
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